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I t tu rn s  ou t th a t  in th a t  terrib le  year [1937] A ndrei Y anuaryevich (one longs 
to  b lu rt out, “Jaguaryevich”) Vyshinsky, availing him self of the m ost flexible di­
alectics (of a so rt nowadays no t p e rm itted  e ither Soviet citizens or electronic 
calculators, since to  them  yes is yes and no is no), po in ted  ou t m a  repo rt which 
becam e fam ous in certain  circles th a t i t  is never possible for m orta l m en to  es­
tab lish  absolu te tru th , b u t relative tru th  only He then  proceeded to  a fu rth e r 
step, which ju ris ts  of the  last two thousand  years had  n o t been willing to  take 
th a t  th e  tru th  established by in terrogation  and tria l could no t be absolute, b u t 
only, so to  speak, relative Therefore, when we sign a sentence ordering someone 
to  be shot we can never be absolutely certain , b u t only approxim ately, m view of 
certain  hypotheses, and in a  certain  sense, th a t  we are punishing a  guilty person 
Thence arose the m ost practical conclusion th a t  i t  was useless to  seek absolute 
evidence—for evidence is always relative— or unchallengeable w itnesses— for they 
can say different th ings a t different tim es T he  proofs of guilt were relative , ap ­
proxim ate, and the  in te rroga to r could find them , even when there  was no evidence 
and no witness, w ithou t leaving his office, £Cbasm g his conclusions no t only on his 
own in tellect b u t also on his P a rty  sensitivity, his m oral forces” (m o ther words, 
the  superiority  of someone who has slept well, has been well fed, and has not 
been beaten  up) “and on his character” ( 1  e , his willingness to  apply c rue lty1)
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In only one respect did Vyshinsky fail to  be consistent and re trea t from di­
alectical logic for some reason, the  executioner’s bullet which he allowed for was 
no t relative b u t absolute
A leksandr I Solzhenitsyn 
T he G ulag Archipelago 
P a r t I, C hap te r 3 T he In terrogation
A b strac t
The SCL model system, an artificial chemistry used for the illustration of 
the concept autopoiesis, is extended to show self-reproducing entities The 
theory of autopoiesis was developed by the biologists Humberto M aturana 
and Francisco Varela around 1971 to point out the organisation of living 
systems One of the aims of this theory is to explain the perceived auton­
omy of living beings The degree to which the theory succeeds in doing so 
is investigated Along the way some ambiguities m the theory are pointed 
out and suggestions for improvements are made The conclusion, however, 
is tha t autopoiesis alone is not sufficient for a high degree of autonomy, 
although it is a step m the right direction Furthermore it is shown that 
the entities exhibited in the original SCL model system are not autopoietic, 
whereas in the extended system they are Together with SCL some other 
real and artificial chemical model systems are investigated with respect to 
the two concepts autonomy and autopoiesis Furthermore, the utility of 
autopoiesis as a guiding principle for Artificial Life research is considered 
The conclusion is that because autopoiesis suffers from too many ambigui­
ties, other concepts in conjunction with some aspects taken from autopoiesis 
should be preferred In particular, the concept of organisation developed 
by Fontana and Buss (1994) and the theory of collectively auto catalytic 
networks advanced by Kauffman (1993) seem to be better starting points 
when working towards a definition of life or concerning questions of the 
origin of life Nonetheless, autopoiesis remains useful because some of its 
variants stress the feature of self-individuation of living beings which the 
previously mentioned two theories only do to a lesser extent
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1 Introduction
1 1 Artificial Intelligence and Artificial Life research* suc­
cess or failure7
In a recent article, R odney Brooks (2001) investigates the  achievem ents of A rtifi­
cial Intelligence (AI) and A rtificial Life (Alife or AL) so far D espite the  fact th a t  
techniques developed in these fields have found a variety  of applications these 
days, b o th  fields can also be seen as failures because they  have not yet lived up 
to their t it le s ’ prom ises
At the heart of this disappointment lies the fact that neither AI nor 
Ahfe has produced artefacts that could be confused with a living organism 
for more than an instant AI just does not seem as present or aware as even 
a simple animal and Alife cannot match the complexities of the simplest 
forms of life (ibid p 409)
B oth  in A rtificial Intelligence and A rtificial Life, strong  and weak versions can 
be distinguished (P a ttee  1989, Sober 1992) T he  s trong  version claim s th a t  it 
is possible for com puters to  realise hum an intelligence or life respectively while 
the  weak version is first of all in terested  m con tribu ting  to  the understand ing  
of in telligent and living system s prim arily  th rough  com puter sim ulations T he 
strong  version of A rtificial Life is derived from  the  s trong  version of A rtificial In­
telligence, which am ong philosophers is also know as functionalism  (Sober 1992) 
According to  th is view, the  properties of the m ind or living system s are no t phys­
ical p roperties them selves and can thus be realised by a m ultitude  of physical 
system s B ut since there  are no com puters which m ore th an  a  few researchers 
would feel inclined to call e ither as in telligent as a  hum an or living, the  whole 
argum ent abou t the possibility of realising e ither strong  version is a  profoundly 
philosophical one C ritics of strong  A rtificial Life see functionalism  as a varian t 
of idealism  and thus incom patib le w ith  scientific realism  (P a ttee  1989)
A notew orthy difference between A rtificial Intelligence and Artificial Life is 
th a t  the form er s ta r te d  w ith  th e  goal to  achieve som ething sim ilar to  hum an 
intelligence and only has recently  begun to  include p re-rational intelligence or 
com petence as exhibited  for instance by insects (Boden 1996) A rtificial Life on 
the o ther hand  has investigated everything from the  origin of life to  ecological 
com m unities from  the  beginning In fact, the  com putational power of to d ay ’s 
supercom puters should already  be sufficient to  sim ulate  a  sim ple life form  like
1
a bacterium  m considerable chemical detail (Endy and B rent 2001) However, 
as the  m inim al genome pro jec t has shown (Hutchison et al 1999), even m  the 
sim plest known b ac te ria  ab o u t 100 of the  265 to  350 pro tein-coding  genes required 
for cellu lar life under labora to ry  conditions have unknow n functions Nonetheless, 
the  sim ulation of a  sim ple life form seems much closer a t  hand  th an  dem onstra ting  
a  com puter program  th a t shows hum an-like intelligence However, th is approach 
w on’t se ttle  the  argum ent abou t strong  Artificial Life because according to  its 
critics, sim ulations do no t becom e realisations
The problem [ ] is that there is a categorical difference between the
concept of a realization that is a literal, substantial replacement, and the 
concept of simulation that is a metaphorical representation of specific struc­
ture or behaviour, but that also requires specific differences which allow us 
to to recognize it as ‘standing for’ but not realizing the system In these 
terms, a simulation that becomes more ‘lifelike’ does not at some degree of 
perfection become a realization of life (Pattee 1989, p 384)
From  the  functionalist po in t of view, detailed  sim ulation is n o t a useful approach 
e ither (Sober 1992, p 377), because one would need to  ad ju st processes from the 
biochem ical m edium  to  the  com puta tional m edium  in order to realise life
This creates a conceptual problem that requires considerable art to 
solve ideas and techniques must be learned by studying organic evolution, 
and then applied to the generation of evolution in a digital medium, without 
forcing the digital medium into an “un-natural” simulation of the organic 
world (Ray 1994, sec 4)
N ote the  choice of words on R ay ’s side here In his view it requires a rt to solve the 
problem , im plying th a t  it m ay no t be a purely scientific one In fact, the  article  
th a t  th is quo tation  is taken from  is called “An evolutionary  approach to  syn thetic  
biology Zen and the  a rt of c rea ting  life” So far, strong  and weak A rtificial Life 
seem to  be clearly d istinc t fields of research
However, sim ulation of bac te ria  is actually  not w hat A rtificial Life researchers 
who pursue the  weak version typically  do lu st as s trong  A rtificial Life re­
searchers, they are m ore in terested  in ecological in terac tions and evolution A nd 
w hat probab ly  w on’t be possible for a  long tim e to  come, is the  detailed  sim ­
ulation  of large com m unities of ecologically in te rac ting  life form s m  a  com plex 
world and evolutionary  phenom ena therein  Therefore, in order to  s tudy  ecology 
or evolution w ith  com puter program s, one has to  ab s tra c t from  the  processes ta k ­
ing place m biological organism s to  m ake them  com puta tionally  trac tab le  T his
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poses a  sim ilar problem  to  the  researcher who w ants to  sim ulate life as to  the  
one who wants to  realise it T he  danger here is th a t  one abstrac ts  away some 
of the  essential p roperties of real organism s which are im p o rtan t for the  life-like 
phenom enology they exhibit
1 2 What defines a living system7
Thus, th e  whole problem  touches the  definition of living system  because no widely 
accepted one exists (Luisi 1998) Consequently, every choice of abstraction  in 
order to  sim ulate a  living system  becom es au tom atically  a  debatab le  one T he 
researcher pursuing strong  A rtificial Life also cannot ignore criticism  of the choice 
of his abstractions, if he is seriously in terested  in the  success of his undertak ing  
and does no t w ant to  trivialize the issues a t hand  T his has been poin ted  ou t 
nicely by P a tte e  (1995b)
The stronger claims of artificial intelligence and artificial life that a 
computer can realize thought and life are not empirically, or even logically, 
decidable issues because they hinge entirely on the degree of abstraction 
one is willing to accept as a realization If we could agree to define life and 
thought abstractly so as to leave out enough of its material aspects then 
obviously, by definition, a live, thinking computer is possible (ibid sec 
10, original emphasis)
B u t even if one rejects strong  AL and denies th a t com puters could realise life, 
there  is no good reason to  deny the  possibility  of constructing  new physical life 
forms, possibly, b u t no t necessarily, from the  sam e com ponents th a t m ake up 
b ac te ria  A fter all, there  is no th ing  m ysterious abou t biochem ical com ponents 
such as proteins, lipids, carbohydrates or DNA, a lthough they  can have quite  
in trica te  properties W h at is com plicated is the  way m which these com ponents 
in te rac t so th a t a  w ell-structured living being is the resu lt Therefore, nobody 
has yet been able to construct a bacterium  from  its  com ponents, a lthough these 
are readily  available Only the  m odification of organism s as carried  ou t m the 
field of genetic engineering is curren tly  feasible and  m m y view these genetically 
modified organism s would n o t qualify as new  life form s because they are only 
derivatives of already existing ones I t would ra th e r  be necessary to  construct 
som ething living from dead com ponents in o rder to  really have created  life anew 
Furtherm ore, it is widely accepted th a t  even the  sim plest known bacterium  
cannot have spontaneously  arisen from the  preb io tic  soup and th a t  it  m ust have 
evolved from m ore prim itive precursors Also, it has been claim ed th a t  certa in
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self-reproducing micelles exhibited  m  the lab o ra to ry  are indeed alive (Luisi 1993) 
These micelles would m fact be new physical life forms, because they d o n ’t  contain 
a  genetic arch itectu re  like all known biological cells do, b u t only if one accepts 
a  definition of living system  th a t  sees the  genetic arch itec tu re  as an accidental 
p roperty  of living system s, or a t least as m erely a special case of some m ore 
general essential p roperty  Interestingly, the  approach to  synthesize life m the 
labora to ry  is usually  no t seen as belonging to  the  field of A rtificial Life, which 
is m ainly  concerned w ith  com puter m odels or a t best robo ts As P a ttee  (1989) 
pu ts  it “ artificial life studies have closer roo ts  m  artificial intelligence and  
com puta tional m odelling th a n  m biology i ts e lf”
T he absence of a widely accepted definition of living system  could also be 
seen as an ind ica to r th a t  there  m ight be som ething im p o rtan t involved m living 
system s which is curren tly  outside our scientific understand ing  (Brooks 2001, p 
410) This would not necessarily m ean th a t  living system s are subject to some 
so far unrecognised (or even unrecognisable) physical laws M ore simply, there  
could be some kind of m athem atica l notion  or organising principle th a t is needed 
m order to  understand  how living system s really work Such a notion or principle 
would on the  one hand  inform  researchers in terested  in sim ulating  life so th a t  
they  d o n ’t ab s trac t essential p roperties or rela tions of living system s away On 
the  o ther hand , it  could provide guidance for s trong  A rtificial Life researchers m 
th a t  it determ ines how a  new life form would have to  be organised
O ne organising principle, called autopoiesis ( Greek self-production), has been 
proposed by M atu ran a  and V arela (1973) and is seen as a necessary and sufficient 
condition th a t  defines a  system  as living A utopoiesis em phasises the fact th a t  
biological organism s produce their own com ponents, whereas for instance m an- 
m ade m achines don ’t work th a t  way (e g  a car) and when their function is 
p roduction  a t all (e g a p rin ting  press), the p roduct is usually  different from  any 
of their com ponents
T he need for a theory  of biological o rganisation  has also been brought forw ard 
by F ontana  and  Buss (1994, 1996) T hey see biology’s two theories, D arw in’s 
n a tu ra l selection and M endel’s transm ission rules, as insufficient to  account for 
the  phenom enology of living system s Because th e  M odern Synthesis of bo th  
theories views the  evolutionary  process as the  d isplacem ent of alleles m  a gene 
pool, it assum es the  prior existence of organism s and can m  p a rticu la r not explain 
evolutionary  transitions like th e  one from  unicellu lar to  m ulticellu lar organism s 
A no ther organising principle is sem antic  closure (P a tte e  1995b) which stresses 
the  m atter-sym bol com plem entarity  th a t  lies a t the  h eart of the  genetic a r­
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ch itectu re  of every biological cell T he d istinction  betw een the  two categories 
m a tte r  and sym bols is thereby seen as im p o rta n t to  avoid am biguities m the 
self-referential genetic arch itec tu re  Unlike autopoiesis, sem antic  closure is no t 
claim ed to  be a necessary condition for living system s, a lthough it is a require* 
m ent for the ir autonom y and the open-ended evolution exhibited  by populations 
of them
However, to  come back to  Artificial Life, o ther factors could be responsible 
for the  observation th a t  phenom ena which are exh ib ited  by com puter sim ulations 
so far only show a low degree of life-likeness T he m odels of living system s could 
be below some com plexity threshold , or they are sufficiently complex b u t m ore 
com puting power is needed (Brooks 2001) Furtherm ore, when one is in terested  
m m odelling the  in terac tions between organism s it becomes necessary to  consider 
no t only how the  organism s are to  be m odeled b u t also how the world in which 
they are em bedded has to  be (Taylor 2001)
1 3 What seems to be wrong?
O f course, it is no t obvious a t the  outset, which approach  will lead to  a significant 
increase of the  life-hkeness of com puter sim ulations or even to the  realisation  
of life Furtherm ore, ]ust to  express d isappo in tm ent w ith  the curren t s ta te  is 
no t enough I t  is ra th e r  necessary to po in t ou t m  w hat respects the  com puter 
sim ulations are deficient when com pared w ith th e  phenom enology of biological 
life In fact, the  failures of A rtificial Life can poin t ou t the  shortcom ings of our 
conceptions of life and thus help to  im prove them  A nother approach of criticism  
is to  d ispu te  the  abstractions which are m ade in a given m odel when one is of 
the  opinion th a t  the  phenom enology of real organism s relies on w hat has been 
abstrac ted  away
One of the  shortcom ings of A rtificial Life m odels is seen m the  circum stance 
th a t  they d o n ’t  address the  autonom y of real organism s (Rui7-M ira70 et al 1999) 
According to  th is article, the  autonom y of living system s derives from their ability  
of adap tive  self-m aintenance brought ab o u t by the  control they can exert over 
the  transfo rm ation  of m a tte r  Furtherm ore, th is process of self-m aintenance m ust 
be coupled to  a  flow of energy th rough  the  system  (see also M oreno and Rui7- 
M irazo 1999) From this po in t of view, A rtificial Life m odels m ust be grounded 
m the  physico-chem ical properties of real m a tte r  to  be of significance to  biological 
problem s A sim ilar position has been taken by P a tte e  (1995a)
Also, autonomy requires what I call semantic closure [ ] This means
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the organism’s measurement, memory, and control constraints must be con­
structed by the genes of the organism from parts of the artificial physical 
world (ibid sec 4)
T he  m otivation  of M atu ran a  and Varela to  develop the  theory of autopoiesis 
comes from their assertion th a t  “Biologists, however, are uncom fortable when 
they  look a t the  phenom enology of living system s as a  whole ” (M atu rana  and 
Varela 1973, p 74) In particu lar, th is phenom enology encom passes “A uton­
omy and diversity, the  m ain tenance of identity  and the  origin of variation m the 
m ode m which th is iden tity  is m ain tained  ” (ibid p 73) T he diversity  of 
living beings is nowadays explained by evolutionary  theory, b u t “ autonom y 
appears so obviously an essential feature of living system s ” (ibid p 73) and
“ autonom y [ ] seems so far to  be the  m ost elusive of the ir p roperties ” (ibid
p 73) Furtherm ore, “A utonom y is the  d istinctive phenom enology resulting  from 
an au topoietic  organization  ” (Varela et al 1974, section 4) As Fleischaker 
(1988, sec 3) has p u t it, “T he cen trality  of autonom y in th e  original characteriza­
tion of autopoiesis [ ] was a reaction  to  the  undue em phasis am ong scientists on
genetic determ inism  and on the  supposed passive response to  the environm ent ” 
Because the  question of autonom y is largely neglected m curren t A rtificial Life 
m odels, and au topoietic  theory claim s to  explain the  au tonom y of living system s, 
th is concept w ith the  help of an exploratory  com puter m odel is investigated m 
th is thesis to find o u t if it can im prove Artificial Life m odels
1 4 Organisation of the thesis
T he next chap ter in troduces the  theory of autopoiesis along w ith its central con­
cepts and a  description of the  original SCL m odel system , an artificial chem istry 
designed to illu s tra te  th is theory In th is chap ter several questions concerning the 
concepts of autopoiesis and the  in te rp re ta tio n  of SCL are raised while the  answers 
are postponed  until the  discussion in chap ter six C h ap te r three describes o ther 
artificial chem istries and real chem ical m odel system s relevant to  the theory of 
autopoiesis, the  questions it  raises and re la ted  concepts T his is followed by a 
chap ter explaining the  m odifications m ade to  the  original SCL system  m order 
to enable the  entities therein  to  self-reproduce C hap te r five contains sim ulation 
experim ents th a t  serve to illu s tra te  th is extended m odel system  and investigates 
some aspects of the phenom enology it displays A lthough chapters four and five 
bear com paratively  little  relevance to  the  discussion m chap ter six, they serve 
to  gam  fam iliarity  w ith some of the  finer po in ts which are investigated  therein
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T he central argum ents o f the  discussion, which consider the  u tility  of autopoiesis 
m characterizing  living system s and explaining th e ir  autonom y, ra th e r  follow the 
issues in troduced  in chapters two and th ree  F inally  th e  concluding chap ter high­
lights the  central results presented m th is thesis in conjunction w ith  a reflection 
of the  process th a t led to  them
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2 Autopoiesis and SCL
T his chap ter s ta r ts  w ith  a brief characterisation  of autopoiesis and a description 
of the  qua lita tive  chem istry im plem ented by the  original SCL system  A fter 
th a t, som e of th e  concepts and definitions involved m  the  theory of autopoiesis 
are considered together w ith  a prelim inary  assessm ent of them  and the  pu ta tive  
au topo ie tic  en tity  m  SCL
2 1 The Organisation of the Living
T he concept of autopoiesis was first extensively e labo ra ted  by M atu ran a  and 
V arela m 1973 As the  su b title  “T he O rganization  of the  Living” (ibid p 73) 
indicates, the  m am  in ten tion  of their essay is “ to  disclose the  na tu re  of the  liv­
ing organi7afcion” (ibid p 75), which th e  au tho rs hold to  be the  au topoietic  one 
A lthough apparen tly  m otivated  by the  operation  of biological cells, the  concept of 
au topo ie tic  organisation is ra th e r  ab s trac t and doesn’t  require a specific dom ain 
m which the  au topo ie tic  un ity  m ust be realised T his concept can be briefly de­
scribed as a netw ork of production  processes which m u tua lly  m ain ta in  them selves 
and  a boundary  which encloses these processes A possible instance of the  first 
p a rt  of th is description would be a collectively au to ca ta ly tic  netw ork, discussed 
m detail by K auffm an (1993) T he relation betw een collective au tocatalysis and 
autopoiesis has been fu rther investigated by M cM ullm  (2000) where he suggests 
th a t  “ autopoiesis can be a t least roughly characterised  as ”collective auto- 
catalysis plus  spa tia l in d iv iduation”” T his characterisation  is being used in th is 
thesis, a lthough w ith the  slight clarification th a t  it should be se//-m div iduation , 
as a  guiding m etapho r when in te rp re ting  the  theory  of autopoiesis as developed 
by M atu ran a  and Varela, because, as M m gers (1995) has poin ted  ou t “T he orig­
inal language o f autopoiesis is opaque and convoluted and m a sense closed I t  is 
hard  to pen e tra te  w ithou t m uch effort ” (ibid p i x )
T he concept of a  collectively au to ca t aly tic  netw ork has been developed by 
K auffm an (1993, p a rt II) for theoretical considerations abou t the origin o f bio­
chem ical life I t is extrem ely unlikely th a t the  m etabolism  of biological cells could 
have spontaneously  arisen, bu t, as K auffm an argues, it is reasonably likely th a t  
some sort of collectively au to ca ta ly tic  netw ork can spontaneously  form  itse lf m 
a  sufficiently diverse m ix tu re  of polym ers w ith  ca ta ly tic  p roperties T he  crucial 
po in t of such a netw ork is, th a t the production  of every m em ber m ust be catalysed 
by some m em ber of the  netw ork Therefore, th is concept relies on the  ca ta ly tic  
properties of its m em bers which are envisaged to  be polypeptides a n d /o r  RNA
sequences Due to  the  ca ta ly tic  effects, the  whole netw ork can em erge from  the 
background of a (theoretically) infinite num ber of spontaneous reactions From  
such collectively au to ca ta ly tic  netw orks the  m etabolism  of biological cells has 
then  supposedly developed Because the  different m etabolism s of biological cells 
a re basically collectively au to ca ta ly tic  and the  parad igm atic  exam ple of an au to - 
po ietic  en tity  is the biological cell (M atu rana  and V arela 1973, p 90), the  use of 
th is guiding m etapho r is w arran ted  All th is does n o t m ean th a t  collective au to - 
catalysis plus spa tia l self-individuation is a  necessary condition of autopoiesis b u t 
only a sufficient one T here  m ight well be au topo ie tic  system s no t described by 
th is m etapho r b u t w hat should be expected of the  theory  of autopoiesis is th a t 
it  correctly  describes system s characterised  by th is m etaphor
T he m odel described m th is thesis is an extension of the  SCL (Substra te , 
C a ta ly st, Link) com puter m odel developed by M cM ulhn (1997) on the basis of 
an earlier m odel developed by Varela et al (1974) th a t  was used to  illu s tra te  
the  concept of autopoiesis SCL has been term ed an “artificial chem istry” which 
m eans th a t it is a sim ulation of a world m which certain  elem ents can be seen 
as atom s or molecules and certain  processes can be seen as reactions betw een 
them  Some of these processes can be regarded as sim plifications of real chemical 
processes (Varela 1979, sec 3 1 1 ) b u t others, especially in the  extended version 
of SCL described here, fail to  have any sim ilarity  w ith  real chem ical processes a t 
all T he  phenom ena which arise m these artificial chem istries can be extensively 
stud ied , b u t th is approach has been criticised m  (Rui7-M ira70 e t al 1999), m ainly 
because therm odynam ic requirem ents are disregarded m m ost of them  including 
the  one described here However, the  approach of the  original SCL m odel system  
was a  m inim alistic  one (Varela e t al 1974, sec 6) and  its  aim  was not to m odel 
in teractions of molecules m a  realistic  way Furtherm ore, because autopoiesis was 
conceived to be a dom ain-independent organising principle, it does n o t m atte r , 
a t  least for dem onstra tion  purposes, m  which dom ain i t  is exhibited
D espite its dom ain-independent definition, “A utopoiesis m the  physical space 
is necessary and sufficient to  characterize a  system  as a living system  ” (M atu rana  
and  V arela 1973, p 112) Hence, an au topo ie tic  un ity  in a  non-physical dom ain 
is n o t a  living system  Consequently, au topo ie tic  en tities m the SCL system  
are no t living system s, because the  particles are in te rp re ted  as such by hum an 
observers and have no existence independent of the  observers T hus they  are 
different from physical particles which, assum ing one uses a  rea list ontology, exist 
on the ir own A ccording to M atu ran a  and Varela, “T he  physical space is defined 
by com ponents th a t  can be determ ined  by operations th a t  characterize  them  m
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terras of properties such as masses, forces, accelerations, distances, fields, etc ” 
(ibid p 112) D istance is the  only of these properties which applies to  SCL 
particles, b u t even if add itional p roperties were sim ulated , these particles still 
w ouldn’t  have an existence of th e ir  own
It is im p o rtan t to  note th a t self-reproduction and evolution do no t en ter in to  
the  characterisation  of autopoiesis, a lthough the  diversity  of living beings de­
pends on b o th  processes (M atu rana  and Varela 1973, p 96) Consequently, 
self-reproduction is seen as stric tly  secondary to  th e  estab lishm ent of an auto- 
poietic un ity  and evolution as secondary to  self-reproduction This distinguishes 
autopoiesis from m ost a tte m p ts  to  define life, which is often done by listing  a  
num ber of crite ria  which characterise living beings Such lists usually  contain 
self-reproduction and frequently  evolution (Bedau 1996, sec 2)
T he rest of th is section briefly sum m arizes w hat can be observed in SCL so 
far and w hat m echanism s are im plem ented I t also prelim inarily  explains the  
concept of au topo ie tic  en tity  w ith  respect to  SCL
2 2 The qualitative SCL chemistry
SCL im plem ents a  two-dim ensional world of la ttice  positions which “w rap a round” 
a t  the  edges so th a t  the  overall topology is to ro idal Each position is occupied 
by one of th e  four possible particle  types which are substra te , ca ta lyst, link and 
hole Only one partic le  is allowed per position  w ith  the  exception th a t  a link can 
also contain  an absorbed su b stra te  particle  A su b stra te  can enter a link from 
any ad jacent position leaving a  hole where it has been T his process is reversed 
when th e  absorbed su b stra te  leaves th e  link to  any ad jacen t position  which is 
occupied by a  hole
Links can also spontaneously  bond to  neighboring links w ith a t m ost two 
bonds per link and a t m ost one bond betw een each adjacent pa ir Thus, links 
can form  chains and when such a chain is closed, it is called a cluster, if it consists 
of less th an  six links1, otherw ise m em brane , a  link w ith  two bonds is called a  chain  
link  If a m em brane contains one or m ore ca ta lysts  it is referred to  as a ce ll2 
T he  dynam ics m SCL are based on local in terac tions between neighbouring 
particles F irs t of all, particles move by sw apping their positions w ith  random ly
'In  the case of a hexagonal lattice, which is used m the extended SCL system, a closed chain 
of links can only enclose another particle if it consists of more than six links
2 If there is only one membrane in the world, it is ambiguous what constitutes the interior 
and what is the environment unless there are catalysts present on only one side of the membrane 
which then would mark the interior
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selected neighbours Thus, there  is no notion  of m om entum  or collision Links 
which have one or two bonds are im m obile Consequently, m em branes are im per­
m eable to  ca ta ly sts  and links, b u t perm eable to  su b stra tes  th rough  absorbed sub­
s tra te  particles T he bonding process is also influenced by the  particles present m 
the neighbourhood of th e  two links involved, m ost no tab ly  th rough  a  m echanism  
called chain-based bond inh ib ition  This m echanism  inh ib its  th e  bond form ation 
betw een two links if a t least one of them  has a  chain link m its neighborhood 
W ith o u t th is m echanism , free links m a  cell would ten d  to  bond rendering them  
im m obile
As th e  nam e ca ta lyst im plies, th is partic le  can catalyse a reaction  which is 
the production  of links from su b stra te  particles
C a ta ly s t  +  2 S u b stra te  — > C a ta ly s t  4* L in k
Links also spontaneously  d isin tegrate, if th a t  happens the link m question 
loses its bonds
Im plem entation  details of the  m echanism s described above can be found m 
(M cM ulhn 1997)
2 3 The autopoietic entity or unity 
2 3 1 Necessary concepts
As m entioned above, SCL was developed w ith  the  aim  of dem onstra ting  a m inim al 
au topo ie tic  unity, which m th is fram ew ork is the  self-production of a cell A 
m ore concise definition of un ity  m general has been given by (Varela et al 1974, 
section 2) “ , a com plex system  is defined as a  un ity  by the relations between
its com ponents which realize the  un ity  as a whole, ” Thus, the relations 
between the  com ponents are necessary to  define the  un ity  Consequently, the 
im age of a cell m  SCL can under th is definition no t be called an au topoietic  
unity, b u t is only a represen ta tion  of the  collection of its  com ponents and their 
spa tia l rela tions M atu ran a  and V arela (1973) used the  term  un ity  to  stress th a t  
a  un ity  is brought forw ard by an act of d istinction  perform ed by an observer 
D istinction  and  unity  are two key concepts m th e ir  constructiv ist epistemology, 
b u t w hether th is kind of epistem ology is essential for th e  theory  of autopoiesis 
w on’t be investigated here Nevertheless, I continue to  use the  term  un ity  w ith 
two exceptions W hen referring to  the extended SCL system , I use the  term  
au topo ie tic  en tity  as synonym  for cell, because when a cell is present, then  by
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design of th e  in teractions of particles m SCL the  un ity  is present for th e  sam e
tim e period th a t the cell exists W hen I otherw ise use th e  term  e n tity  I am
talk ing  ab o u t unities m the physical dom ain
A nother im p o rtan t concept for the  theory  of autopoiesis is organisation  which 
is used to  describe composite un ities
[Tjhe relations that define a system as a unity, and determine the dy­
namics of interaction and transformations which it may undergo as such
a unity, constitute the organization of the system (M aturana and Varela 
1973, p 77 and 137)
T he organisation  of a  system  specifies its class iden tity  and “ if the  organization 
of a system  changes, then  its iden tity  changes and  it  becom es a un ity  of ano ther 
kind 51 (M atu rana  1980a, p xx) Also, the  organisation  has to  be distinguished 
from the  structure  of a system  which comprises
[T]he actual relations which hold between the components which inte­
grate a concrete [system] m a given space (M aturana and Varela 1973, p 
77 and 138)
T he d istinction  betw een s tru c tu re  and organisation  is m ade to stress th a t  the  
sam e organisation  can be realised by system s of different s truc tu re
The organization of a machine (or system) does not specify the prop­
erties of the components which realize the machine as a concrete system,
it only specifies the relations which these must generate to constitute the
\
machine or system as a unity Therefore, the organization of a machine is 
independent of the properties of its components which can be any, and a 
given machine can be realized m many different mariners by many different 
kinds of components In other words, although a given machine can be 
realised by many different structures, for it to constitute a concrete entity 
in a given space its actual components must be defined m that space, and 
have the properties which allow them to generate the relations which define 
it (M aturana and Varela 1973, p 77)
T his is obviously a functionalist position, b u t it is also m ade clear th a t organisa­
tion  should n o t be taken to  have explanatory  value of its  own (ibid p  80) Given 
th e  im portance  a ttr ib u te d  to  the  concept of organisation  w ith in  th e  au topo ietic  
theory  (Fleischaker 1988, sec 2), it is som ew hat w orrying th a t  the  rela tions 
which co n stitu te  the  au topoietic  organisation are nowhere specified T he  only 
h in t provided is the  following
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an autopoietic organization constitutes a closed domain of relations 
specified only with respect to the autopoietic organization that these rela­
tions constitute, and, thus, it defines a ’space’ in which it can be realised as 
a concrete system, a space whose dimensions are the relations of production 
of components that realize it (M aturana and Varela 1973, p 88)
T he different kinds of production  relations which are taken to  be the dim ensions of 
au topo ie tic  space are constitu tion , specificity and order However, th is s ta tem en t 
allows two different in te rp re ta tions O ne is th a t there  is a  circu larity  in which 
the  organisation  and relations m utually  constitu te  each o ther and the  rela tions 
are all p roduction  relations of any of the  th ree  types, b u t the  question then 
is how this circu larity  could be resolved or a t least be  m ade tran sparen t T he 
a lternative  in te rp re ta tio n  would be  th a t  the  relations which form a closed dom ain 
m au topoietic  space have a  different type th an  the  p roduction  relations th a t  are 
the  dim ensions of au topoietic  space T he  open question here is of w hat type 
the rela tions m au topoietic  space would be Since n o t even the  type can be 
derived from  the sta tem en t above, it cannot provide any insight in to  the  question 
of which rela tions actually  specify the au topo ie tic  o rganisation  e ither To m ake 
th ings worse, sup p o rt for b o th  in te rp re ta tions  can be found as is discussed in 
section 6 1, b u t for instance th e  c ita tio n  above, th a t describes the  d istinction  
between o rganisation  and s truc tu re , contains no h in ts T he com ponents are only 
required to  “generate” the rela tions which define the  organisation , b u t th is would 
seem com patib le w ith  e ither in te rp re ta tio n  of the  rela tions m au topoietic  space 
Also, because a t least all unicellular organism s are supposed to  have the  au to ­
poietic organisation , they all would have the sam e iden tity  and the  sam e class 
I t is of course tru e  th a t  they are all living system s, b u t there are im p o rtan t 
d istinctions betw een different unicellular organism s, m ost no tab ly  th a t  between 
prokaryotes and eukaryotes T he question then  is, w hether all unicellular or­
ganism s should be seen to  have the  sam e organisation  and th a t  prokaryotes and 
eukaryotes just have different s truc tu res, or w hether they  have different organisa­
tions, all of which are au topo ie tic  A no ther way of p u ttin g  it is to ask w hether the  
au topo ie tic  organisation  is unique or w hether “au topo ie tic” is a qualifier which is 
applicable to  a  m u ltitu d e  of organisations However, for the  purpose of SCL this 
d istinction  does no t m a tte r , because there is only one type of en tity  possible a t 
the  m om ent Therefore, the  e laboration  of th is discussion is also postponed  until 
section 6 1
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2 3 2 The key to autopoiesis
Basically the  sam e definition of au topoietic  un ity  is given bo th  m (M atu ran a  and  
V arela 1973, p 78 f ) and (Varela 1979, section 2 2 2)
An autopoietic [machine/system] is organized (defined as a unity) as 
a network of processes of productions (transformation and destruction) of 
components that produces the components [which/that] (1 ) through their 
interactions and transformations continuously regenerate and realize the 
network of processes (relations) that produced them, and (1 1 ) constitute it
(the machine) as a concrete unity in the space m which they [(the compo­
nents) /  ] exist by specifying the topological domain of its realization as
such a network 3
Furtherm ore, m (Varela et al 1974, sec 9), the  au tho rs present a  six-pom t 
identification key for au topo ie tic  un ities which can be sum m ed up in the  following 
way
1 T he un ity  has an identifiable boundary
2 T he un ity  is com posed of d iscrete com ponents
3 T he  un ity  is a m echanistic system
4 T he boundary  of the  un ity  is constitu ted  though preferential neighborhood 
rela tions and in teractions betw een its com ponents
5 T he boundary  com ponents are produced by the  un ity  by in terac tions of 
its  com ponents, e ither by transfo rm ation  o f previously produced com po­
nents, or by transform ations a n d /o r  coupling of non-com ponent elem ents 
th a t  enter the  un ity  through its boundaries
6 All o ther system  com ponents are produced by th e  unity  by in teractions of 
its  com ponents as in 5
C on trasting  definition and key, two issues becom e apparen t Firstly , no bound ­
ary  is m entioned m the definition, b u t there  are two po in ts abou t it m  the  key 
T his issue is discussed m section 6 1 Secondly, po in t five and six could be com ­
bined in to  one, b u t there  is, m  my view, a questionable exception to  po in t six
3 There are some minor differences in the exact wording between the two definitions These 
differences are put m square brackets, what appears before the slash is taken from (Maturana 
and Varela 1973, p 78 f ) whereas what comes after the slash is written in (Varela 1979, section
2 2 2)
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which is no t m entioned in the  list above I t is re la ted  to the  d istinction  betw een 
com ponents of the unity  and non-com ponent elem ents m ade m poin t five B oth  
po in t five and six say th a t  com ponents have to  be produced through a process 
th a t  involves in teractions from  o ther com ponents T he exception to  po in t six is 
th a t  non-com ponent elem ents are allowed as necessary perm anen t constitu tive  
elem ents m the  p roduction  of o ther com ponents T his s tands m contrad iction  to 
the  c ircu larity  in th e  com ponent p roduction  which is a t  the  core of the  definition 
of au topo ie tic  un ity  As long as th is exception is kept, the  com bination of po in t 
five and six is not possible F urther discussion of th is problem  follows m section 
6 3  1
For the  purpose of determ ining  w hether real or sim ulated  en tities qualify as 
autopoietic , the identification key is used, because it is m ore detailed  th an  the 
definition and appears straightforw ard  to  apply  Furtherm ore, the  use of col­
lective au tocatalysis plus spa tia l self-m dividuation as a guiding m etaphor is also 
com patib le w ith  the  key S patia l self-individuation en tails th a t  there  is some kind 
of self-produced boundary  and collective au tocata lysis m eans th a t  m the produc­
tion of com ponents in teractions from  o ther com ponents are involved A gain, th is 
does n o t m ean th a t my guiding m etaphor is isom orphic to  the  identification key 
Collective au tocata lysis entails th a t a t  the  tim e of the  p roduction  of a  com ponent 
there  m ust be some kind of in terac tion  from ano ther com ponent which can be 
in te rp re ted  as ca ta ly tic  effect This seems to  be stronger th an  the  requirem ents of 
po in t five and six of the  key where it is no t explicitly  s ta ted  th a t the in teraction  
from ano ther com ponent has to  happen  a t the  tim e of p roduction , the  in teraction  
m ay as well have occurred earlier However, when only non-com ponent elem ents 
are involved as substra tes  of a  p roduction  step  then  there  should be some in terac­
tion from a com ponent necessary to  m eaningfully  call th is reaction  a p roduction  
by in teractions of com ponents T his is ju s t the  sam e as would be required for 
collective au tocatalysis, b u t when there  are com ponents am ong the  substra tes  
then  the  situa tion  m ay according to the  key be different
2 3 3 The putative autopoietic entity in SCL
In order to  fu rth e r describe th e  original SCL system  and to explain certa in  design 
choices of m y extensions, I need to  m ention here, m  an tic ipation  of the  discussion 
m section 6 3 1, th a t in my opinion the  original SCL m odel system  does no t exhibit 
any au topo ie tic  en tities T he operation  of a p u ta tiv e  au topo ie tic  en tity  m the 
original SCL world is as follows T he ca ta ly st m the  cell produces links which are
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trap p ed  m side because of the  selective im perm eability  of the  m em brane thereby 
creating  a  relatively high concentration  of free links inside the  cell S ubstra te , 
however, can en ter the  cell so th a t  the catalysis reaction  continues as long as there  
is sufficient su b stra te  m the  world (and sufficient space m the  cell) T he su b s tra te  
particles inside the  cell are th e  non-com ponent elem ents referred to  m  po in t five 
of th e  identification key If  a chain link m th e  cell’s m em brane disin tegrates, the  
m em brane is ru p tu red  Since there  is a high concen tration  of free links inside 
th e  cell, there  is a good chance th a t  one of the  free links moves to  the  ru p tu re  
site  and after form ation  of new bonds closes the  gap All in all, the  cell seems 
to  m ain ta in  itse lf for a  certain  period of tim e T he turn-over of links m eans th a t  
the  s tru c tu re  of the  p u ta tiv e  en tity  changes w hereas its  o rganisation  supposedly 
rem ains constan t
This m ode of self-m aintenance raises the  question w hether a cell w ith  a  ru p ­
tu red  m em brane4 constitu tes an au topoietic  en tity  or no t, a com plication which 
was already  noted in (M cM ullin 2000, sec 5), b u t no t resolved In (Varela e t al 
1974), which describes the  very first SCL m odel system , the  au thors never ex­
plicitly  discuss th is problem , a lthough it is apparen t in th e  figures 1 and 2 of th is 
article, th a t  gaps in the  m em brane are tem porarily  present and th a t  the  signifi­
can t achievem ent of the  au topo ie tic  en tity  is to  repair these gaps Concretely, the 
caption of figure 2 in th is article  reads “O ngoing p roduction  of links re-establishes 
the  un ity  under changes of form and turnover o f com ponents ” (em phasis added) 
T his is the  first indication th a t  th e  au tho rs m ay consider an en tity  w ith  a rup ­
tu red  m em brane no t to  be au topoietic , because otherw ise th is organisation  would 
no t be re-established by repair b u t ra th e r  p e rp e tu a ted  through repair
F urther suppo rt for th is po in t of view comes from  the  identification key for 
au topoietic  unities itse lf T he relevant po in ts of th is key for the  question a t  
hand  are num ber one and four N um ber one requires th a t  the  en tity  m ust have 
an identifiable boundary  W hen the  m em brane is rup tu red , th e  en tity  is only 
p a rtia lly  enclosed m  an open chain For a  hum an observer it is easy to  in te rp re t 
the  gap as a tem porary  ru p tu re  of an envisaged m em brane B ut th is alleged 
m em brane only constitu tes a  boundary  for the  en tity  m th e  m m d of the  observer 
For th e  en tity  itself, “ the  com ponents th a t  constitu te  the  boundaries of the 
un ity  co n stitu te  these boundaries th rough  preferential neighborhood rela tions and 
in terac tions betw een them selves, as determ ined by their p roperties m th e  space 
of the ir in terac tions” (Varela e t al 1974, sec 9, em phasis added) In th e  space of
4A cell with a ruptured membrane is a contradiction in itself given my definition of cell, but 
it should be clear what is meant
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in terac tions of the  particles m the SCL world, there  axe no in teractions betw een 
the ends of an open chain, which would allow it to  constitu te  a  b oundary  for a 
possible au topo ie tic  en tity  In  fact, once the  m em brane of a cell is rup tu red , it 
c an ’t  be  p red icted  w hether the  gap can ever be repaired
C ertain ly , it is a very conservative po in t of view to  require a  constan tly  in tac t 
m em brane for an au topo ie tic  en tity  m SCL, b u t th is is a  necessity th a t follows 
when one takes poin t four of th e  identification key seriously In addition , i t  spells 
trouble  for the  in te rp re ta tio n  of the  original SCL system , as is fu rther discussed 
in section 6 3 1 However, th is requirem ent is no t problem atic for the  extended 
version of SCL due to  a change m  the  m ode of self-m am  ten ance and is therefore 
kept A m ore detailed  descrip tion of the  phenom ena which can be observed in 
the  original SCL world is given in (M cM ullin and  V arela 1997) This article  also 
highlights the  im portance of the chain-based bond inhibition  m echanism  which 
keeps the  links inside the  cell free and available for repair by preventing them  
from bonding to  each o ther
All m all, th is section has shown th a t autopoiesis and  its concepts are in 
general no t stra ightforw ardly  applicable w ith  the  possible exception of the  iden­
tification key In fact, a lot of in te rp re ta tio n  is necessary to  apply  the  concepts 
in a p a rticu la r s itua tion  like for exam ple m SCL T his process of in te rp re ta tion  
then  can lead to  varying results which can be seen m the  prelim inary  discussion 
of th e  p u ta tiv e  au topoietic  en tity  in SCL 1 1 1  th is subsection Yet ano ther in te r­
p re ta tio n  of SCL is given in (M cM ullin 2000) where the  au th o r suggests th a t the 
en tities therein  are no t au topo ie tic  T he reason for th is conclusion lies in the 
c ircum stance th a t  two ad jacent cells m SCL, if they d o n ’t d isin tegrate  m the  first 
place, would tend  to  m erge and hence lose the ir d istinc t individualities More on 
th is line of reasoning follows m section 6 5
A fter th is prelim inary  in troduction  and discussion of autopoiesis and SCL, the 
next chap ter describes several o ther sim ulated  and  real m odel system s w ith the 
purpose of broadening  the  perspective for the  m ore detailed  discussion m chap ter 
six
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3 Simulated and real chemistry
A utopoiesis is supposed to  be the organisation of the  living and the  parad igm atic  
au topoeitic  en tity  is the  biological cell Such a cell from  a chemical po in t of view is 
a  vesicle which m eans th a t  it has a  bi-layered m em brane th a t  separates an aqueous 
phase th a t  constitu tes its in terior from  an aqueous environm ent T he  chemical 
properties of th e  m em brane determ ine its  perm eability  for the  molecules and  ions 
th a t  are dissolved m th e  aqueous solution T his selective perm eability  is very 
im p o rtan t for the  operation  of biological cells which is well known A som ew hat 
sim pler bounded s tru c tu re  is the  micelle where the  boundary  is a single layer 
of su rfac tan ts th a t  separates phases of different types In a  norm al micelle, the 
in terior is organic (hydrophobic) and the  environm ent aqueous while in a  reverse 
micelle the  in terior is aqueous and the  environm ent organic
Because of the  separation  of in terior and environm ent, bo th  micelles and sim ­
ple vesicles have a proto-cellu lar character Furtherm ore  the  physico-chem ical 
effects th a t  lead to  spontaneous m icelle and vesicle form ation are a t work in bio­
logical m em branes too Therefore m any real and sim ulated  m odel system s which 
address micelles and vesicles are under investigation, some of which are described 
m th is chap ter
3 1 Self-reproducing micelles in real chemistry
F irs t of all I am  describing three experim ental se tups th a t  allow the  dem onstra tion  
of self-reproducing micelles under labo ra to ry  conditions T he  first two system s 
(B achm ann et al 1991, system s IIA  and IIB) are closely related  because the 
chemical reactions m bo th  are identical and the  only difference is th a t system  IIA 
exhibits norm al and system  IIB  reverse micelles T he  m em branes of the  micelles 
m bo th  system s have oc tanoa te  as the ir p rim ary  su rfac tan t b u t 1-octanol, which 
is insoluble m w ater and therefore locali7ed m  the  organic phase, can occur as 
co-surfactan t In th is case, the  hydroxyl group of 1-octanol points tow ards the 
aqueous phase while the  hydrophobic tail rem ains located  inside the  m em brane 
T he  aqueous phase m  b o th  cases contains sodium  perm anganate  which m tu rn  
is insoluble m  the organic phase A t the  irncellar interface the  perm anganate  
ion oxidizes the hydroxyl group of 1-octanol and the  p roduct of th is reaction  is 
o c tan o a te  (for the  exact reaction  equation  w ith  all its  p roducts see B achm ann et 
al (1991), fig 1) T his p roduction  of oc tan o a te  molecules leads to  the  grow th of 
the  micelle un til it becomes unstab le  and spontaneously  divides T he  opera tion  
of b o th  system s relies crucially on the  fact th a t  th e  two substra tes  1-octanol and
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p erm anganate  are soluble in different phases only and th a t  the  reaction  m ust 
therefore occur a t the  m icellar interface T his also m eans th a t  th e  supply  of 1- 
octanol m the  micelles or perm anganate  m the  reverse micelles respectively set a  
lim it for the  am ount of micelles th a t  can be produced
I am  describing the th ird  system  (B achm ann et al 1991, system s III) m 
less chem ical detail th an  the  previous two because the  m ain  difference is th a t  
the  reaction  which leads to the  production  of su rfac tan t molecules is catalysed  
by enzymes th a t  are located  m side the aqueous phase of the  reverse micelles 
T he  su b s tra te  involved is soluble in the  organic phase only so th a t  the  reaction, 
th is tim e a hydrohsation, again takes place a t the  m icellar interface Again, 
the  supply of su b stra te  lim its the am ount of micelles th a t  are produced All 
th ree system s described here axe seeded w ith micelles b u t ano ther system  has 
been dem onstra ted  (Bachm ann, Luisi and Lang 1992) where the  first m icelles 
can form in the  absence of o ther com partm ent al s truc tu res
These real m odel system s set the  stage for the  artificial chem istries described 
in th e  following section In general, artificial chem istries m odel individual p a rti­
cles and the  in terac tions between them  T his s tands in con trast to, for exam ple, 
system s of differential equations, which usually  m odel s ta tis tica l aggregates of 
particles m continuous space and tim e Artificial chem istries vary am ong each 
o ther w ith  respect to  the  spa tia l resolution and the  chem ical realism  SCL, for 
instance, contains one partic le  per la ttice  position and shows only a low level 
of chemical realism  T he  choice of spatia l resolution and the  level of chemical 
realism  depends on the  purpose for which each chem istry  is constructed  I am 
no t giving an exhaustive overview of all artificial chem istries b u t only describe a 
few which are selected because they illu stra te  certain  poin ts th a t are relevant for 
the  discussion
3 2 Concrete artificial chemistries
T he artificial chem istries described m th is section are exp lanato ry  in n a tu re  T hey 
consider features of real chem istry  to  different ex ten ts and illu s tra te  how the 
phenom ena th a t can be observed in the  m odel system s arise from  those features 
Like SCL, all artificial chem istries m  th is  section consider tw o-dim ensional worlds, 
although  the  way in which they im plem ent space differs between them  I refer to  
these m odel system s as m ore concrete artificial chem istries
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3 2 1 Self-reproducing proto-cells
This artificial chem istry, described m (Ono and Ikegam i 1999), addresses the  
question how a com partm entali7ed collectively au to ca ta ly tic  netw ork can form , 
self-m aintam  and self-reproduce, because the  acquisition of a  cell m em brane is 
widely seen as one of th e  central steps m the  origin of life W ithou t a m eans of 
keeping its  com ponents from diffusing away, a proto-lifeform  would not have been 
viable T his is the  sam e problem  addressed by extended SCL, b u t has been solved 
m a m arkedly different way here F irs t of all, m any ab s trac t chemicals (particles) 
are allowed a t each la ttice  position T he particles are polari7ed (sim ilar to an 
electro-chem ical charge) and have an o rien tation  T hey can move on the  lattice , 
ro ta te  and undergo reactions where they  can act as substra tes  and catalysts 
Furtherm ore, all particles have po ten tia l energies which because of the  charge they 
carry  is no t only dependent on the particle  type b u t also on the  o ther particles 
a t  the sam e la ttice  position  T he probab ility  of a m ovem ent of a partic le  is then 
dependent on the  difference m po ten tia l energy betw een its old and new position 
Sim ilarly the  likelihood of a  transform ation  depends on the  difference m  the  
chemical p o ten tia l betw een the  su b s tra te  and the  p roduct b u t is also m odified by 
ca ta ly tic  effects A part from th a t, all reactions are reversible, b u t have different 
base ra te  constan ts Consequently, th is system  offers a  higher chem ical realism  
th an  SCL, b u t it  does no t m odel all p roperties of real-w orld therm odynam ics 
For exam ple, there  is no notion of the m om entum  of a particle
T here  are six different particle  types, some of which have sim ilar functions 
as those in SCL T he  particle  called A A, which plays the  role of the  ca ta lyst, 
reproduces itse lf au toca ta ly tically  from  a su b s tra te  partic le  (X) and can also 
catalyse the  production  of m em brane m ateria l (M) from X Decay, however, leads 
eventually to  a different particle  (Y), which is assum ed to  have the  lowest chemical 
po ten tia l P artic le  AA is n o t only the  p roduct of th e  m entioned au to ca ta ly tic  
reaction, b u t also spontaneously assem bles from and d isin tegrates in to  singular A 
particles Finally, there  is partic le  W  which plays the  role of a  solvent and does 
no t p a rtic ip a te  m any reactions
S ta rtin g  from a hom ogeneous in itial s ta te , the  p roduction  processes and repul­
sion betw een particles lead to  the  form ation of clusters separa ted  by m em brane­
like th in  films, which are constitu ted  by ad jacen t la ttice  positions th a t  predom ­
inan tly  contain  M particles If such a m em brane is selectively perm eable for X 
and  Y  b u t im perm eable to  AA and A, the  X particles are taken m by the  cell 
which leads to  grow th and  eventually division while the  Y  particles leave the
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cell as waste p roduct W ith  the  influx of X in to  th e  system  (and efflux of Y), 
m ade possible by the  replacem ent of Y  w ith  X a t a given ra te , ongoing self­
reproduction  and self-m aintenance of the  cell-like s truc tu res  is the  resu lt T he 
process of division and the  cell shapes th a t resu lt thereby depend on the  streng th  
of repulsion betw een M particles Different repulsion streng th s  lead to  different 
m em brane flexibilities which is rem iniscent of the  influence th a t  the  com position 
of a  phospholipid m em brane has on its fluidity
3 2 2 M icelle formation in continuous space
A nother artificial chem istry has been developed by Edw ards and Peng (1998), 
m order to  sim ulate the  self-assembly of am phiphilic  molecules in to  micelles 
T he m otivation for the ir m odel is derived from the  generally accepted view th a t 
for the  emergence of the  first biological cells the  process of phospholipid self- 
assem bly m ust have been im p o rtan t However, in the ir opinion the  m odels used 
for sim ulating  these processes suffer from  unrealistic  sim plifications to  m ake the 
problem  com puta tionally  trac tab le  Thus, m  order to  b e tte r  understand  self- 
assem bly of lipid aggregates, the ir system  allows the  m ovem ent of the  m olecules 
m a continuous tw o-dim ensional space as a  resu lt of m term olecular in teractions, 
which m odel some of the  physical and chemical properties of real phospholipids 
In particu la r, the  geom etric shape of a lipid m olecule w ith its d istinction  of a 
hydrophilic head and a hydrophobic tail is m odeled as well as the  forces th a t  
these exert on neighbouring molecules However, because no solvent (water) 
molecules are represented, the forces are im plem ented m such a  way th a t  they 
account for th is absence An explicit represen tation  of the  solvent would certain ly  
be desirable to  m ake the  m odel m ore realistic  b u t th is design choice has probably  
been m ade to reduce the  com putational com plexity Also, no chem ical reactions 
are possible m th is fram ew ork yet S ta rtin g  from an in itial configuration where 
lipid m olecules are scattered  random ly on a plane th is  artificial chem istry then 
displays the  self-assembly process th a t resu lts in the  form ation  of micelles
3 2 3 LMA micelles
M ayer and Rasm ussen (1998) have developed an artificial chem istry th a t dem on­
s tra tes  the  em ergence of dynam ical hierarchies which m th is case is th e  self- 
assem bly of micelles from polym ers and the ir au to ca ta ly tic  self-reproduction I t 
is based on the  principles of a  L attice  M olecular A u tom aton  (LMA) which is a 
varian t of the  la ttice  gas sim ulation concept (Rasm ussen and Sm ith 1994) In
21
th is m odel system  space is represented by a discrete grid and each position  is 
occupied by e ither a m onom er or vacuum  Polym ers consist of several m onom ers 
th a t  are bonded together and therefore have a specific shape All in teractions 
are d irectly  denved  from the  laws of physics and axe com m unicated between the 
la ttice  positions via p ropagating  inform ation  particles R eactions betw een the 
molecules (m onom ers and polym ers) are also possible th rough  the  form ation and 
breaking of bonds
In th e  specific case described in (M ayer and Rasm ussen 1998) there  are three 
types of m onom ers O ne is hydrophobic, the  second hydrophilic and the  th ird  rep­
resents th e  solvent w ater T he  first two types of m onom ers can be bonded to  each 
o ther yielding th e  hydrophobic and am phiphilic  polym ers th a t  besides w ater are 
present in the  in itia l s ta te  of th is m odel system  From  this s ta te  the  am phiphilic 
polym ers self-assemble in to  m icelles whose surfaces then  catalyse the  production  
of new su rfac tan t molecules In general, when th e  head group of a  hydropho­
bic polym er faces a t least two hydrophilic head groups of am phiphilic  polym ers 
it is hydrolysed in to  an am phiphilic  polym er and  a hydrophobic m onom er Be­
cause the  am phiphilic  polym ers tend  to  assem ble in to  micelles the  hydrolisation 
m ainly  takes place a t the ir surfaces W hen a new su rfac tan t has been produced 
it often enlarges the  micelle th a t  catalysed its form ation un til the  la tte r  becom es 
unstab le  and  spontaneously  divides T his finally is the  cause of the  ongoing self- 
reproduction  of micelles which lasts un til all hydrophobic polym ers are used up 
T hus the  su rfac tan ts are produced au tocataly tically , b u t it should also be noted 
th a t  there  appears to  be no decay of them  m aking the  micelles practically  im m or­
ta l In sum m ary, th is system  illu stra tes  how struc tu res  of h igher order can emerge 
from  sim ple molecules and the ir p roperties Because of the  high level of chemical 
realism , the  way in which and w hat new struc tu res  em erge is a  relatively accurate  
m odel of w hat happens m  the  real world In fact, these LM A micelles resem ble 
those described m  section 3 1 qu ite  closely, a lthough the  production  process for 
su rfac tan t is ra th e r  different
3 3 Abstract artificial chemistries
T he m ore a b s trac t artificial chem istries, as I call them , described m th is  section 
are exploratory  m n a tu re  T his m eans th a t  they  d o n ’t  try  to  explain how fea- 
tu res of real chem istry  are involved m certain  phenom ena b u t instead  abstrac tly  
im plem ent selected features and explore issues involving th e ir  in teractions
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3 3 1 AlChemy
In th is A lgorithm ic C hem istry  (A lChem y), lam bda  expressions play th e  roles of 
m olecules T his choice m ay seem som ew hat arcane b u t lam bda  calculus is suffi­
cient to  represent the  two abstractions from  real chem istry, transform ation  and 
equivalence, th a t  are considered in th is m odel system  To m ake th is clear I am  
briefly describing lam bda calculus w ithou t being m athem atica lly  exact L am bda 
expressions are sequences over an a lphabe t of variables and  can also contain  the  
two opera to rs  ab strac tion  and application  T he ab strac tio n  opera to r specifies a 
variable like m  the  definition o f a function A pplication  “cancels o u t” the abstrac­
tion  and w ith  the  help of syntactical rew rite rules, a  lam bda  expression is reduced 
to  a unique norm al form, given th a t  one exists T his process of norm alization  
can be seen as com puta tion  and th e  norm al form  as the  result Ju s t as there are 
infinite loops m com puta tion , a reduction process does n o t always term inate , and 
according to  T uring ’s H alting  Problem , it is m  general no t possible to  pred ict if 
a given lam bda expression has a norm al form All lam b d a  expressions can be 
applied to  each other, which is taken to  be the  A lChem y equivalent of chem i­
cal transfo rm ation  lu st as m  chem istry, where the  struc tu res of the  su b s tra te  
molecules determ ine w hat the  reaction p roduct will be, the  syntactical s truc tu res 
of th e  lam bda  expressions where one is applied to  th e  o ther determ ine w hat the 
norm al form of the  resu lt will be One can thereby  th ink  of the  reduction  p ro­
cess as a chemical process during  which subgroups of the  su b stra te  molecules 
are rearranged  T he  second abstrac tion  present m  AlChemy, equivalence, results 
from the  fact th a t  different lam bda expressions can reduce to  the  same norm al 
form  just like the  sam e p roduct can be the  result of chem ical reactions involving 
different substra tes  Clearly, these two abstractions d o n ’t cover several im por­
ta n t aspects of real chem istry and Fontana and Buss (1996, sec 2 14 ) are well 
aware of this In  the  following subsection a  variant o f A lChem y is described th a t 
addresses some of these shortcom ings
As the title  of the  article  (Fontana and Buss 1994) suggests, th is ab s trac t 
chem istry  has been conceived m order to  em bed m it  a theory  of biological or­
ganisation  Thus, F on tana  and Buss have a  sim ilar goal as M a tu ran a  and V arela 
have w ith  autopoiesis, b u t th e  form er “ regard  biological organizations as spe­
cialized system s of chemical transfo rm ation  ” (Fon tana and Buss 1994, sec 2) 
T his differs from  the concept of au topo ie tic  o rganisation  because the  la tte r  is 
form ulated  dom am -m dependently  although  it is also clear th a t  chem istry  is an 
im p o rta n t dom ain  for the  au topo ie tic  organisation  because it is in th is dom ain
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where the  com ponents of biological cells exist
To re tu rn  to  A lChem y itself, unlike m the  artificial chem istries described so 
far there is no underly ing space m  th is  system  Instead , the  sim ulated  lam bda- 
um verse can be thought of as som ething sim ilar to  a reacto r m which all the 
expression are assum ed to  be contained  T his does n o t m ean though th a t  there  are 
v irtua l reac to r walls which keep the collection of expressions together b u t instead  
th a t  there  is no space m th is lam bda-universe and consequently no necessity for 
special constructs to  keep the collection of expressions together T he expressions 
are always present m norm al form  and reactions are random  collisions of two 
expressions which result m the application  of the  first expression to  the  second 
T he  norm alization  process is sub jec t to  certa in  lim its which no t only ensure 
th a t  the  reduction doesn’t  get stuck m an infinite loop, b u t can also be used to 
forbid certain  types of collisions In particu lar, I am  only concerned here w ith 
the  Level 1 (Fontana and Buss 1994, sec 6 2) opera tion  of AlChem y in which 
(self-) copying expressions are suppressed C oncretely th is m eans th a t  when the 
norm al form of a collision p roduct is the sam e as one of the  colliding expressions 
the  whole collision is assum ed to have been “elastic” and is effectively ignored 
T he norm al form th a t results from  a successful collision random ly replaces one of 
the  expressions in the  reacto r W ith  th is reaction scheme, expressions which are 
no t continuously reproduced by collisions of existing expressions are eventually  
rem oved from the  reactor
U nder the conditions im posed by Level 1, the  em ergence of collectively au to ­
ca t aly tic  netw orks of lam bda expressions can be stud ied  In the  present context, 
these netw orks are described as self-main tam ing  subsets of organisations T he or­
ganisation  of the netw ork is thereby defined th rough  th ree  properties A g ram m ar 
th a t  characterises the  subspace of all (and possibly infinitely m any) expressions 
which can occur in the  organisation, the  algebraic s tru c tu re  of in teractions (col­
lisions) betw een expressions and self-m aintenance under the  conditions im posed 
by the  reacto r m which the self-m aintain ing subset of the  organisation resides 
T he organisation  thus specifies the  class iden tity  th rough  the  g ram m ar and the 
transform ations which it m ay undergo w ithou t loss of iden tity  th rough  the  al­
gebraic s tru c tu re  under the  condition of self-m aintenance Therefore, it is an 
organisation  in the  sense specified by the  au topo ie tic  theory  (cf sec 2 3 1) 
Likewise, the  s tru c tu re  is the  self-m aintain ing subset of an organisation  and 
com prises bo th  the lam bda expressions as well as the  ac tua l in terac tions between 
them  F ontana  and Buss (1994) d o n ’t use the  term  stru c tu re  m th is sense them ­
selves b u t instead  use it to refer to  the  sequential com position (inner s truc tu re)
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Figure 1 T he g ram m ar (a) and algebraic s tru c tu re  (b) of an infinite A lChem y 
Level 1 organisation  as shown m (Fontana and  Buss 1994, fig 2) Ev­
ery po in t m th e  plane of subfigure (b) represents a possible com ponent 
of the  self-m aintaining subset m the reacto r w ith  its inner s tru c tu re  
specified by the  two coordinates (j,i) according to  the  g ram m ar in 
subfigure (a) T he two arrows represent the  two types of p roduction  
relations which can occur m th is organisation, for details see tex t
of a  lam bda  expression th a t  determ ines its functional behaviour upon applica­
tion  L am bda expressions m  tu rn  are called objects which correspond to the  
com ponents in autopoiesis All m all there  is a  well-defined d istinction  between 
s tru c tu re  and  organisation  in A lChem y M oreover, the  organisation can be ex­
actly  specified th rough  the  gram m ar and the  algebraic s tru c tu re  and rem ains not 
in obscurity  as the  au topo ie tic  organisation does T he link betw een AlChem y 
and  autopoiesis has n a tu ra lly  been recognised by F on tana  and Buss (1994, 1996) 
them selves and is fu rther investigated  in section 6 1
A n exam ple of an infinite A lChem y organisation  is shown m figure 1 I t 
is the  lam bda calculus independent descnp tion  of the  first exam ple of Level 1 
taken from  F on tana  and Buss (1994, sec 6 2 2) T he  two types of p roduction  
rela tions ind icated  m figure 1(b) are the  following T he  solid arrow  denotes th a t  
the  app lication  of any expression, th a t  is no t a t the  b o tto m  of a  diagonal, to  
some o ther expression will resu lt m the  production  of the  lower neighbour on the 
sam e diagonal A pplication of an expression ( l,i) , which is a t  the  b o tto m  of a  
diagonal, to  ano ther expression (k,l) results in the p roduction  of expression (k+ i-
25
1,l+ i- l )  which lies upw ards on the  sam e diagonal as the  la t te r  expression (dashed 
arrow, th is arrow  concretely shows the  application  of (1,5) to  itself) T his second 
rela tionship  also entails th a t  the  expression (1,1) would produce a  copy of any 
expression it is applied to  U nder the  reaction  scheme used for Level 1 such an 
application  would be elastic and hence produce noth ing
A set of expressions is said to be self-m aintaining, if every expression of th is set 
can be produced by a t least one collision betw een expressions taken from  th a t  set 
Given the  two types of production  relations present m the  given organisation, this 
is evidently  the  case Self-m am tenance is a  necessary condition for the  k inetic 
persistence of an  organisation in the  lam bda  reacto r, b u t no t a  sufficient one 
because of stochastic  events (random  removal after collision) m the  reacto r For 
instance the  organisation shown m figure 1 will under flow conditions over tim e 
collapse into one of its  suborganisations (see below)
Also the  self-m am taim ng subset of an organisation  does no t need to be entirely 
present in the  reacto r a t  given tim e to ensure its  k inetic persistence It m ay very 
well be the case th a t  expressions d isappear and reappear periodically  Consider 
for exam ple a collection of expressions high up on one of the  diagonals in figure 
1(b) T hey will in itia te  a  flow of expressions down the  diagonal and a t the  
tim e the  b o tto m  expression is reached the original collection m ay have very well 
been replaced Only when the  bo ttom  expression is reached can the original 
expressions be produced again, given they w eren’t h igher than  i steps up the 
diagonal where i is the  second coord inate  of the  b o ttom  expression In fact, 
the  lowest i expressions on every diagonal (except th e  one which s ta r ts  a t  (1,1)) 
represent finite (sub-)organisations of the ir own (e g the  expressions from (1,5) 
up to  (5,9) in figure 1(b))
T he la tte r  organisations also readily illu s tra te  one im p o rtan t concept m Al- 
Chem y the  center of an organisation T he  center is th e  sm allest self-m am taim ng 
subset of an organisation T his m eans th a t  application  of all expressions in the 
center to  each o ther (including them selves) m ust produce all the expressions of 
the  center For every one of the  finite organisations a t hand  the  center is identical 
w ith  the  expressions th a t  m ake up  the  o rganisation  itse lf T he m am  im portance  
of the  center derives from the  observation th a t  all o rganisations observed so far 
possess a  single and unique center Moreover, when two organisations are com­
bined the  centers com bine linearly, b u t th is Level 2 phenom enology of AlChem y 
(F on tana  and Buss 1994, sec 6 4) w on’t be  considered any fu rther here
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3 3.2 Combinators
A m odified version of AlChemy, described in (di Femzio 2000), uses com binators 
instead  of lam bda expressions C om binatorial logic is a form alism  equivalent to 
lam bda  calculus w ith  th e  m am  difference th a t  com binators are sequences of atom s 
th a t  don’t contain  variables T he atom s im plicitly  contain  the  abstrac tion  opera­
to r  m th a t  upon application  they  rearrange following atom s according to  certain  
rules These rules also allow th a t  after an application  the  expression can split in to  
several subexpressions each of which is independently  norm alized C om pared to 
A lChem y th is s itua tion  comes closer to  real chem istry  where a reaction  can have 
several p roducts F urtherm ore the  num ber of each of th e  different atom s m the 
system  rem ains constan t, thus satisfying a conservation law  This is achieved by 
keeping all com binators of length  one (atom s) m a pool from which they are taken 
or can be added W hen a collision of two random ly  chosen com binators occurs 
then, unlike m  AlChemy, the  reacting  expressions are rem oved from the reacto r 
D uring the  following norm alization  process a tom s are taken from  the pool or are 
released back to  it  so th a t  th is process can only achieve the norm al form if there  
are always the  necessary atom s in the  pool If the  norm al form can be reached, 
it is released in to  the  reactor, and if not, th e  whole collision is ignored Also, ex­
pressions can w ith  certa in  p robabilities spontaneously  d isin tegra te  in to  the  pool 
or arise from it
Like in AlChemy, self-m aintain ing subsets of o rganisations emerge, b u t w ith 
th e  add itional p roperty  of acting  sim ilar to  m etabolism s T his m eans th a t  an 
organisation  is capable of using random  expressions, which spontaneously arise 
from  th e  pool of com bm ator atom s, as m ateria l to  produce m ore of its  own 
expressions F urtherm ore it is no t necessary to  suppress self-copymg expressions 
because their rep licatory  advantage is reduced as th e  reac tan ts  m a collision are 
used up  T his observation corresponds to  a resu lt m  AlChem y (Fontana and Buss 
1994, sec 6 3) which shows th a t  it is typically  sufficient to  reduce the  probability  
of copying to  0 75 (i e suppressing only one m  four copy-act ions) to  achieve Level 
1 phenom enology
3 4 The status of SCL
T here is an im p o rtan t d istinction  betw een th e  m ore ab s tra c t artificial chem istries 
described m  the  previous section and the  m ore concrete ones listed  before T he 
la t te r  are constructed  to  exhibit a certain  kind of self-orgam sm g or self-producm g 
process, which is to  a high degree determ ined  by the  design of each system  T he
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m ore ab strac t chem istries consider the  em ergence of a m u ltitu d e  of o rganisations 
which differ m their g ram m ar and algebraic s tru c tu re  Thereby w hat kinds of 
organisations em erge given different reaction rules can be investigated F u rth e r­
m ore it can be studied , if some of these organisations show properties which o thers 
d o n ’t  posses To sum  up, the  m ore ab strac t chem istries allow the  em ergence of a  
large variety  o f organisations and the  com parison as well as classification of them  
I t  is also w orthw hile to  consider w hether SCL belongs to  the  m ore concrete 
or the  m ore ab s trac t artificial chem istries On th e  one hand  there  are a  num ber 
of sim ilarities betw een SCL and the m odel system  described by Ono and Ikegam i 
(1999) which supports  the  hypotheses th a t  SCL belongs to the m ore concrete 
artificial chem istries However, the aim  of the  la t te r  is to  be a t least to some 
exten t chem ically realistic  while m SCL this is a purely c ircum stan tial m a tte r  
Instead , SCL is an exploratory  model system  which only seeks to  illu s tra te  the 
concepts involved m  the  theory  of autopoiesis, which brings it closer to the  m ore 
ab s tra c t artificial chem istries th a t  are exploratory  as well T h a t A lChem y is 
explicitly  m otivated  by real chem istry  does no t change its  exploratory  n a tu re  
because its  aim  is no t to  explain features of chem istry  b u t instead  investigates 
the  em ergence of h igher level objects like an o rganisation  Because SCL only 
explores the  concept of autopoiesis, the  extensions described in the  following 
chap ter d o n ’t  try  to  be chem ically realistic  e ither b u t are only aim ed a t opening 
up the  possibility  of self-reproduction
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4 Self-reproducing entities in SCL-DIV
A fter the  descrip tion of o ther, real and artificial, m odel system s relevant to  the  
issues considered m th is thesis, th is chap ter re tu rn s  to  the  one m odel system  th a t  
is specifically designed w ith  autopoiesis m m ind, SCL T he extended version of 
SCL, which allows the  self-reproduction of the  au topoietic  entities, is also called 
SCL-D IV W hen SCL is used as a designation w ithou t one of the qualifiers original 
or extended, bo th  m odel system s are referred to
4 1 Requirements
So far, SCL is only concerned w ith self-m aintenance to  dem onstra te  a  m inim al 
au topoietic  en tity  As soon as self-reproduction enters the p icture, several fu rther 
requirem ents becom e im m ediately  apparen t
1 G row th of the  m em brane is necessary which m eans th a t
(a) firstly bonded links m ust be allowed to  move and
(b) secondly there  has to  be a grow th m echanism  whereby free links can 
en ter and enlarge a  m em brane
2 T hen a fission m echanism  is needed so th a t  a m em brane can divide in to  
two (or m ore) daugh ter m em branes
3 To ensure th a t  a t least after some divisions there  will be  m ore th an  one 
daugh ter m em brane containing a ca ta lyst, there  m ust be a  m eans of ca ta lyst 
replication
As m the  original SCL system , all new m echanism s are based on local in teractions 
only However, for th ree  of the  new m echanism s ( lb , 2 and 3) it is necessary to  
increase the neighborhood rad ius from one cell to  two cells This is im plem ented 
as a  particle  querying a neighboring partic le  ab o u t the la tte r  pa rtic le ’s neighbor­
hood I t is m ade sure for the  m echanism s listed  above, th a t  such a  query doesn’t 
progress beyond a d istance of two cells from where it o rig inated
T he following sections outline  the new m echanism s and provide im plem enta­
tion notes for each of them  insofar as they change or add to  the  im plem entation  
described in (M cM ullm  1997) Since some of the  descriptions use graphical illus­
tra tions , figure 2 explains how the  different elem ents o f SCL are represented
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F ig u re  2 This is a 30 x 30 world contain ing  one cell T he large squares are 
links, the  sm all ones substra tes  A large square contain ing a  sm all 
one shows the  presence of an absorbed su b stra te  m  th is link Bonds 
betw een links are represented by lines jo in ing  the large squares T he 
circle m side the  cell is a  ca ta lyst and the  m em brane consists of twelve 
links T here  are curren tly  591 substra tes  in to ta l, four of which are 
absorbed m links If all links and ca ta ly sts  d isin tegrated , there  would 
be 619 substra tes
4 2 Flexible membranes
A m echanism  for requirem ent l a  can be easily im plem ented F irs t of all, a  chain 
link can only swap its position w ith  a hole in order to preserve the  selective im ­
perm eability  of the  m em brane I t  could also be allowed to  swap w ith  su b s tra te  
particles, b u t since links are already perm eable to  those, it would be an unneces­
sary com plication Second, bonds m ust not be over-stretched by m otion which is 
straightforw ard  to  check on a hexagonal la ttice  T his and my personal experience 
th a t  all m echanism s in SCL can be m ore easily and unam biguously im plem ented 
using a  hexagonal la ttice  as opposed to  a rec tangu lar la ttice  is the reason why 
the  hexagonal la ttice  is now exclusively used for th e  extended version of SCL 
T he  m am  advantage of the  hexagonal la ttice  is th a t  all adjacent grid positions 
are equ id istan t
I t can be argued th a t  m em brane flexibility independent of the  grow th m ech­
anism  is no t necessary to achieve self-reproduction T his is technically true, bu t 
m em brane flexibility is desirable for a t least two reasons F irst, flexible m em ­
branes m ight lead to  configurations th a t can be exploited for the  division p ro ­
cess Second, cells should, a t  least a t  a  la te r  stage, be able to  move as wholes
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M em brane flexibility represents one step in th is direction
I m p le m e n ta t io n  n o te s  Space is still discrete, tw o-dim ensional and has a 
to ro idal topology, b u t i t  is now organised as a  la ttice  w ith  a  hexagonal neigh­
bourhood
To allow the  m otion  of bonded links a function has been im plem ented to  tes t if 
any bonds would be over-stretched m which case the m ovem ent won’t be allowed 
T his obviously doesn’t perm it chains of links to  move jo in tly  b u t it is sufficient 
to  m ake m em branes flexible T here is a sim ulation pa ram ete r (acu teB onds) th a t 
controls w hether the  m ovem ent of a bonded link m ay resu lt m two bonds form ing 
an acu te  angle (60 degrees) on a link W hen it is tu rn ed  off, bonded links can 
only move if the  resu lting  bond configurations won’t include acute angles
4 3 Membrane growth by displacement
A m echanism  for m em brane grow th ( lb )  is m ore difficult to  devise Since the 
m em brane m ust stay  in tac t bo th  a free link and a chain link in the  m em brane 
have to  be moved in synchrony Furtherm ore, one bond m the m em brane has 
to  be broken and two new bonds have to  be form ed to  incorporate  the  free link 
in to  the  m em brane T he  overall procedure is illu s tra ted  m  figure 3 I t takes 
place in one large step  so th a t as far as all fu rth e r in teractions are concerned, 
the  m em brane always rem ains closed Note, th a t  m the  ac tual im plem entation  
of displace-grow th, two chain links m the m em brane are moved A lthough it 
would be sufficient to  move ju s t  one chain link, th is would lead to  the form ation 
of an acute  (60 degree) angle betw een the  two bonds of the  link next to  the  
in teg ration  site Too m any acute angles m the  m em brane can render it inflexible 
and eventually  rigid which would also stop  fu rther grow th To prevent this, the 
chain link next to  the  link where the acu te  angle would otherw ise form is moved 
as well
I m p le m e n ta t io n  n o te s  T his m echanism  can be (de-)activated  by se ttin g  the 
boolean sim ulation pa ram ete r d i s p la c e  Growth accordingly W hen it is activated , 
each free link searches its neighbourhood a t every tim e step  for an in tegration  site 
s ta r tin g  from  a  random  position  An in teg ration  site  is a  chain link whose bonding  
p a rtn e rs  are chain links and positioned in such a  way th a t  they  are ad jacen t to  the  
free link as well If  a site  is found, the in tegration  process is in itia ted  w ith  a given 
probab ility  (d is p la c e G ro w th P ro b a b il i ty )  and it is random ly  determ ined  which
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Figure 3 T he five steps of the  displace-grow th m echanism  From left to  righ t 
F irst, a  bond m the  chain is rem oved A fter th a t, one single-bonded 
link moves so th a t  the  chain opens itse lf T he  free link then  moves 
in to  the  resu lting  gap Before two new bonds are form ed, a second 
link in the  chain is moved to  prevent inserting  an acu te  angle in to  the 
chain T he  sequence shown only serves to  illu s tra te  the  procedure, 
b u t as such cannot be observed to  take place m  the  world, because 
all steps are consecutively executed in one tim e step  so th a t  no o ther 
m echanism s can interfere
of the  chain links to  move besides the one a t the in teg ration  site  If all necessary 
m ovem ents can be carried  ou t w ithou t over-stretching any bonds or v io lating  
the  selective im perm eability  of the  m em brane, the  process is then  com pleted, 
otherw ise, it  will be abo rted  and the  original s itua tion  is restored
4 4 Autocatalysis
T he nex t m echanism  described here is concerned w ith  the  replication of ca ta lysts 
(requirem ent 3) In order to  achieve th is, an au tocata lysis  reaction  is added which 
effectively tu rn s  the  ca ta lysts in to  self-replicators
Catalyst + 2 Link — > 2 Catalyst
To prevent an overproduction of ca ta lysts  which would reduce the  availability 
of free links for o ther m echanism s, th is reaction is inh ib ited  when m ore th an  one 
ca ta lyst is m  the neighborhood of one of the  two reacting  links Furtherm ore, if a 
ca ta lyst has two o ther ca ta lysts  m  its neighborhood, it  will d isin tegra te  in to  two 
links which them selves will d isin tegra te  Spontaneous d isin tegration  of ca ta lysts 
is n o t used
Implementation notes A utocatalysis is im plem ented analogously to  the  link 
p roduction  m echanism  I t can be (de-)activated  w ith  the  boolean sim ulation 
pa ram ete r a u t o c a t a l y s i s  W hen it is activated , the  ra te  of production  is con­
tro lled  by the  pa ram ete r p r o d u c t lo n P r o b a b i l i ty ,  which is the  sam e p aram eter 
th a t controls the  ra te  of link p roduction
4 5 Self-maintenance revisited
W ith  the  extensions descnbed  above (fulfilling requirem ents la , lb , 3) the  m em ­
branes m SCL-DIV can now grow and are flexible T his poses a  problem  for 
the  self-m aintenance process used m the  original SCL system  because free links 
inside the  cell are not any m ore exclusively used to  repair po ten tia l ru p tu res  m 
the  m em brane T hey can also con tribu te  to  m em brane grow th and are substra tes  
m the  au tocata lysis reaction Consequently, there  are now fewer free links avail­
able to repair po ten tia l ru p tu res  m  an ever growing m em brane To m ake m atte rs  
worse, if the  m em brane is rup tu red , the  gap tends to  increase due to  the move­
m ent of the  bonded links (although it  is possible th a t  the  gap closes itse lf due 
to  m otion) All in all, self-m aintenance which relies exclusively on the availabil­
ity  of random ly m oving free links to  close ru p tu res  has proven unsatisfactory  for 
achieving long-lasting m ain tenance under these circum stances
O ne possibility to  increase the reliability  of the  self-m aintenance process would 
be to  m odify the  m ovem ent of free links so th a t they  are m ore likely to  stay  next 
to  th e  m em brane th an  some d istance away from it in the  in terior T h is s tra tegy  
has been chosen m ano ther m odification of SCL, called SCL-G RO (M cM ulhn and 
Groß 2001) B u t too  few links near the m em brane would only m arginally  increase 
the  reliability  and too m any links would block the  flexibility of the  m em brane In 
SCL-G RO , the la tte r  effect leads to a  rec tangu lar shape of the  growing m em brane 
(cf ibid fig 1) which does no t appear to  be a configuration th a t  could be easily 
exploited by some sort of fission m echanism  Furtherm ore, as required by the 
identification key for autopoiesis (cf sec 2 3 2), the  m em brane of an au topoietic  
en tity  in SCL m ust always be closed T his is no t only necessary for conceptual 
clarity  b u t a  m em brane can also be easily detected  au tom atically  and indicates 
the probable presence of a cell
For these reasons, spontaneous d isin tegration  of chain links is replaced by a 
different m echanism  which allows the  stab ilization  of chain links w ithou t having 
to  explicitly replace them  and thus shifts th e  focus from the repair of rup tu res 
tow ards the  prevention of them  T his is achieved by a  lifetim e variable on each 
link which is decreased a t every tim e step  T he lifetim e un its  them selves freely 
diffuse across th e  la ttice  and  can be collected by free links Every tim e step , a 
free link collects all available lifetim e un its  a t  its position, up to  a  lim it defined 
for links All m echanism s concerning the  lifetim e u n its  are im plem ented so th a t  
the  to ta l num ber of them , w hether bound  m particles or free, is conserved W hen 
th e  lifetim e variable of a link becomes zero, the  link d isin tegrates Consequently,
33
a transfer of lifetim e nm ts betw een links is now sufficient to  keep the  m em brane 
from  ru p tu rin g  This transfer of lifetim e u n its  conform s to  the  following two 
rules
1 Free links transfer lifetim e un its  to chain links, if they  have a  higher lifetim e 
value th an  the  chain link In  th is case, ha lf of the  difference betw een the 
lifetim e values is transferred
2 A djacent chain links, which m ust be bonded to  each other, share lifetim e 
un its  am ong each o ther by sum m ing up  the ir lifetim e un its  and d istribu ting  
them  equally am ong each o ther
Free links and single bonded links are still sub ject to  spontaneous d isin tegration  
like in the  original SCL system , only chain links are exem pt from this T he 
lifetim e un its  bound by a link are released back to  th e  environm ent in the  event 
of d isin tegration
All m all, ca ta lysts  are still essential for the  m ain tenance of a cell because 
w ithou t ca ta lysts , all free links will soon have d isin tegrated  T his leaves the 
m em brane w ithou t a connection to the  supply o f lifetim e un its  in the environm ent 
and it will d isin tegra te  as soon as the  lifetim e variables of its chain links becom e 
zero Furtherm ore, since m em branes of w ell-m aintained cells d o n ’t rup tu re , two 
(non-growing) cells could exist beside each o ther for p ractically  indefinite tim e 
spans In particu la r, there is p ractically  no danger of fusion, which would have 
been a problem  in the original SCL system  (M cM ullm  2000)
This lifetim e m echanism  is also extended to  the  catalysts, which receive life­
tim e un its  from  chain links A t every tim e step , a ca ta ly st looks for a random  
chain link m its neighbourhood and if the  chain link contains a t least twice the 
m axim al num ber of lifetim e un its defined for ca ta lysts  a  transfer is in itia ted  In 
th is case, as m any lifetim e un its are transferred  as needed to  increase the  lifetim e 
variable of the ca ta ly st to its  lim it W hen a  new ca ta ly st is produced, its lifetim e 
un its  are taken from  the  two links which served as the  reac tan ts  and any excess 
beyond the  lim it for ca ta lysts  is released to  the  environm ent A ca ta ly st which 
disin tegrates because of the proxim ity  to  o ther ca ta lysts  (cf section 4 4) also 
releases its lifetim e un its  to  the  environm ent A schem a th a t  sum m arizes the  
pathw ays involved m  the  transfer of lifetim e un its  is shown m  figure 4
As a resu lt, the extension of the lifetim e m echanism  to  ca ta lysts  streng thens 
the com plem entary  rela tionship  betw een them  and the  cell m em brane F u rth e r­
m ore, if a  cell fails to  m ain ta in  itself, the  ca ta ly sts  often d isin tegra te  before the
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Figure 4 T he transfer of lifetim e un its  in SCL-DIV Diffusion of free lifetim e 
un its  is shown by a d o tted  arrow  while the ir up take  and transfer 
am ong the  different particles is shown w ith  solid arrows T he dashed 
arrows represent the  loss of lifetim e u n its  during  every tim e step
m em brane rup tures, because when the  chain links them selves contain  less th an  
twice the  m axim al num ber of lifetim e un its  defined for ca ta lysts, they cease to  
m ain ta in  the  ca ta lysts  In the  original SCL system , a  ca ta lyst would usually  
escape the  rup tu red  cell, leading to the  production  of links outside the  form er 
cell
Implementation notes To activate  the new self-m aintenance m echanism , 
bo th  sim ulation param eters a p p ly L if  e sp an s  and f r e e L if e t im e  have to be set to 
T R U E  D eactivating  the  form er reactivates spontaneous d isin tegration  for chain 
links as controlled by the  param eter d i s i n t e g r a t i o n P r o b a b i l i t y  and disables 
the  lifetim e count-dow n as well as the  transfer of those un its  betw een particles 
T he  pa ram ete r f r e e L i f  e tim e  activates the  diffusion of free lifetim e un its  on the 
la ttice  and  m akes sure th a t the  to ta l num ber of lifetim e un its  is conserved
T he diffusion of the  free lifetim e un its  is scheduled a t the  beginning of each 
tim e step, before the particles perform  their step  m ethods (cf M cM ullin (1997), 
sec 6 5) All la ttice  positions are u p d a ted  sim ultaneously during the lifetim e 
diffusion step  as opposed to  th e  partic le  diffusion which is achieved by a sequential 
random  walk T he diffusion constan t is curren tly  fixed in the  source code
B oth the  C a ta ly s t  and L ink  class have a new instance variable called l i f e ­
sp an  T he value of th is variable represents the  am ount of lifetim e un its  curren tly  
held by the  particle  m question
For links, the  collection of lifetim e un its  and d istribu tion  to  o ther links is 
scheduled m  the  sam e m ethod  which handles the  spontaneous d isin tegration  
(doD i s  i n te g r a t i o n )  a t every tim e step T he  sim ulation  p a ram ete r l in k 2 L i f  e -
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F ig u re  5 Fusion of two clusters creates a  m em brane T he two clusters are 
aligned so th a t  there  is a channel betw een them  where the  free links 
are located
sp an 5 specifies the  m axim al num ber of lifetim e un its  each link can contain  T he 
transfer from  free to  chain links is in itia ted  by the  free link, which, s ta rtin g  w ith 
a random  neighbour, looks for a chain link a t every ad jacent position and se­
quentially  transfers the  appropria te  am ount of lifetim e un its , if th e  conditions 
are fulfilled (cf ru le 1 above) D istribu tion  along bonds is in itia ted  by each chain 
link and proceeds as described m rule 2 above If the  collective am ount of lifetim e 
un its cannot be equally divided, then  the  chain link which in itia ted  the process 
receives the  surplus
For catalysts, the  search for a  random  ad jacen t chain link and a possible 
transfer of lifetim e un its  is handled  by the s t e p  m ethod  itse lf and proceeds as 
described above T he lim it for the  num ber of lifetim e u n its  a  ca ta lyst can contain  
is specified by the  pa ram ete r c a ta ly s tL i f e s p a n
4 6 The fission mechanism
T here are several ways m which the  division of a m em brane in SCL-DIV could 
proceed In biological cells, the  cell m em brane usually  constric ts itse lf c reating  
two daugh ter cells of e ither equal or unequal size T his constriction  is guided by 
add itional m olecules inside the  cell and would thus be difficult to  recreate m the 
curren t SCL fram ew ork w ithou t add itional partic le  types
A fission m echanism , which would rely on the  flexibility of the m em brane 
alone to  touch itself, would also be prone to  failure because a chain link has no 
way of knowing w hether an adjacent chain link, to  which it is n o t bonded, belongs 
to  the  sam e m em brane or to  a different m em brane Therefore such a m echanism  
would n o t only lead to  cell divisions b u t probab ly  m ore often to  cell fusions 
T he  fission m echanism  im plem ented instead  exploits the fact, th a t  inside a 
growing cell clusters of chain links tend  to  form  These clusters are the  resu lts 
of free links bonding to  each o ther when they are far enough away from the cell 
m em brane and o ther clusters so th a t  the chain-based bond  inh ib ition  m echanism
5 It is called lm k2L if espan because its value is mainly relevant for the lifespan of chain 
links since free and single-bonded links can still spontaneously disintegrate
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doesn’t prevent th is T he clusters usually consist of th ree  or four chain links 
ad jacen t to each o ther which are bonded so th a t  they  constitu te  a  closed chain 
W hen there  is a  channel of w id th  one between two such clusters and some fu rth e r 
geom etric conditions are satisfied, then  these two clusters together w ith  two free 
links which m ust be m the  channel can reorganise their bonds to form a larger 
single m em brane (cf figure 5) If  th is takes place betw een a  closed chain inside 
the  cell and the  ou ter m em brane itself the  resu lt will be  an  incision in to  the  cell 
If the  incision is such th a t  it creates a  new channel betw een itse lf and the  ou ter 
m em brane th en  two free links m  th is channel will trigger the m echanism  again 
so th a t the m em brane will eventually  be divided F igure  6 shows a sequence of 
snapshots from a  SCL-DIV run th a t  illu stra tes  the described process O f course, 
m ore com plicated sequences of fusions a n d /o r  incisions can lead to  divisions as 
well
A nother possibility  for a  cell to  divide itse lf using the  sam e m echanism  is 
when bo th  sides of the  cell m em brane are sufficiently close to  each o ther w ithou t 
any p rio r incision T hen there  would be the  necessary channel between them  in 
which the  presence of two free links could in itia te  a  one-step division (cf figure 
7) However, such a  configuration is less likely to  occur th an  those described in 
the  previous parag raph  Therefore, a  cell division usually  requires of two or m ore 
occurrences of th e  fission m echanism
Implem entation notes A lthough the  boolean sim ulation  p a ram eter which 
controls th is m echanism  is called o r g a n iz e d F is s io n , because its purpose is to 
allow cell division, it is a  fusion m echanism  where two free links and four chain 
links p a rtic ip a te  in the  in tegration  of the  two free links in to  the chain (s) and the 
reorganisation of the  bonds If sw itched on, the  m echanism  is in itia ted  by a free 
link each tim e step  if there  are less th an  five chain links m its neighbourhood 
T he la tte r  restric tion  prevents sm all bulges in the m em brane from being sp lit off 
which would resu lt m an unw anted loss of chain links T hen  the neighbourhood 
is searched for an ad jacent free link s ta r tin g  from a  random  position If th is o ther 
free link has less th an  five chain links in its  neighbourhood as well, b o th  links 
jo in tly  s ta r t  from  a  random  position  to search for chain links W hen the  first pair 
of chain links is found, the  scan continues to  search for a second pa ir of chain 
links B oth  chain links of each p a ir  are a t th e  sam e neighbour position relative 
to  th e  free links and the  two pairs are a t different neighbour positions rela tive to 
the  free links If all four chain links are d istin c t and  the  two sides of the  channel 
are no t cross-lm ked, the  reorganisation of th e  bonds takes place as illu s tra ted  m
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Figure 6 Four snapshots from a run  th a t s ta r te d  w ith  the  world shown in figure 
2 T he  upper row shows how an incision in to  the  m em brane is form ed 
after it fuses w ith  a  cluster This results m  the  form ation of a channel 
M em brane grow th and flexibility then  slightly  m odify th is channel b u t 
it is basically the site where the  cells div ide which is shown m the lower 
row In each row, the  left snapshot shows the  tim e step before and the  
righ t one the tim e step  after the  opera tion  of the  fission m echanism
the  figures 5 and 7 
4 7 Chain motion
C hain  m otion allows chains of links to  move jointly  which isn ’t possible w ith  the 
m echanism  for m em brane flexibility alone A lthough not necessary for self-repro­
duction, chain m otion is desirable for the  reason th a t  it can “iron wrinkles ou t of 
m em branes” W hat th is m eans is illu stra ted  in figure 8
T he reason for th is  to  be desirable is th a t  it  prevents the  accum ulation of acute  
angles m m em branes which can be in troduced  by th e  fission m echanism  A cute 
angles which are the  resu lt of m em brane flexibility can be reversible e lim inated,
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Figure 7 T he division of an hourglass-shaped m em brane into two m em branes 
T he  channel is now m ade up  by two different p a rts  of the sam e m em ­
brane  Again, the  free links have to  be located m  th is channel
Figure 8 T he link which in itia tes  the  chain m otion is m arked w ith  an absorbed 
su b stra te  N ote th a t  a t its position  there  are two adjacent acute  
angles m the  m em brane T he link moves tow ards sou theast, dragging 
the link previously southw est of it beh ind  T his action elim inates one 
acute angle from the  m em brane which w ouldn’t  have been possible 
w ith  m em brane flexibility alone
if no o ther s truc tu res obstruc t th is, so th a t  they m  general don’t pose a problem  
Too m any acute angles m a m em brane can render it inflexible and  also prevent 
displace-grow th T hus, a cell can get stuck m such a “dead end” configuration 
and  achieve im m orta lity  A lthough th is has been observed only rarely, there  is 
the  conceivable risk th a t  during  very long runs one or m ore such “dead end” cells 
could accum ulate and thereby fix an ever increasing num ber of links until there  
are only im m ortal cells present An exam ple of a world where the  one and only 
cell has achieved im m orta lity  is shown m figure 9 In general, since the  in ten tion  
is to  dem onstra te  self-reproducm g cells which m ain ta in  them selves non-trivially, 
im m ortal cells are undesirable
Furtherm ore, chain m otion allows th e  m ovem ent of m em branes as wholes by 
increasing the m em brane flexibility However, clusters consisting of th ree links 
are still im m obile despite chain m otion A lthough extensive use of chain m otion 
would decrease the  likelihood of c lusters com ing in to  existence through  increased 
chain flexibility and the chain-based bond inh ib ition  m echanism , usually  one can 
expect clusters to be present inside a cell These clusters would th rough  their 
presence block any far-reaching m ovem ents of cells because of th e  absence of 
m om entum  m  SCL T he sam e holds for all links, ca ta ly sts  and substra tes  inside 
a cell as well, b u t the ir presence is less adverse because these particles constan tly  
change position  All m all, the  use of chain m otion does no t m ake cells as wholes 
mobile, b u t only em pty m em branes W orse still, as no ted  above, chain m otion
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Figure 9 A run which is stuck m a  dead end T he only cell is practically  im m or­
ta l because of two circum stances F irstly , th rough m em brane flexibil­
ity  alone no configuration can be reached th a t  would allow displace- 
grow th to  occur Secondly, no new clusters can form m the in terio r 
of the  cell because of chain-based bond inh ib ition  so th a t a channel 
which could be used by the  fission m echanism  cannot develop T he 
two clusters which are inside the  cell were form ed earlier before the 
m em brane tightened around them  T he  shown s itua tion  rem ained 
unchanged for 120,000 tim e steps before the  run  was term ina ted  by 
hand
decreases the  likelihood of c lusters being form ed and can thus h inder cell division 
(cf section 4 6) Hence, th is m echanism  m ust be used w ith  caution
In the  light of these restric tions one m ight wonder w hether th is m echanism  
should be  used a t all, especially so because of its  non-local n a tu re  Also, kinks 
m the m em brane can be discovered locally by searching for adjacent acute an ­
gles and sp litting  off one of the  chain links which m ake up  the  kink In figure 
8 th is would resu lt in sp littin g  off e ither the  chain link m arked w ith an  ab­
sorbed su b stra te  or the  one southw est of i t  As a m a tte r  o f fact, a m echanism  
( e l im in a te 6 0 p r o b a b i l i ty )  exists in SCL-DIV which achieves ju s t th a t, b u t  it 
isn ’t used in the  experim ents described m  the  nex t section T he reason why 
ch a in M o tio n  is used instead  is to  highlight the  fact th a t  th e  m otion of cells is an 
im p o rtan t problem  th a t  has not yet been sa tisfactorily  solved
I m p le m e n ta t io n  n o te s  C ham  m otion is im plem ented independen t of the  p a r­
ticle m otion m echanism  and can be in itia ted  by a bonded link only In itia tion  
is controlled by the  sim ulation pa ram ete r c h a in M o tio n ln itP ro b  which is used
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by bonded links to  decide w hether to  try  chain m otion each tim e step  If  chain 
m otion is in itia ted , a random  neighbour is selected and tested  w hether it is a hole 
partic le  Also, exactly  one bond  of the  in itia tin g  link m ust be over-stretched by 
its m ovem ent, otherw ise the process is abo rted  T he  over-stretched bond is then  
used to  “drag” the  nex t link Actually, the  nex t link is no t im m ediately dragged 
b u t it is recursively tested  if the  link is dragable, or if it can play the role of the 
last link m  the  m oving p a rt of the  chain W hen the  link is dragable, it is added 
to  a list and the  next link is tested  A possible last link is e ither a  single bonded 
link or a  link w ith  bonds which form an acute angle If a non-dragable link is 
encountered, which is the  case when it has already m oved during  the curren t tim e 
step, the  whole process is aborted
W hen a  list of links which can move jointly has been found, the  geom etric 
m ean of the m obility  param eters  of the  p a rtic ip a tin g  particles is calculated  and 
used as p robability  value to  decide w hether the  m ovem ent proceeds This follows 
the  procedure for norm al particle  m otion as described m  (M cM ullin 1997, sec
3 2) If  m otion proceeds, the  link which in itia ted  the  process is then  moved to 
the  la ttice  position  which previously contained the  neighbouring hole All the  
links which have been included m  the list during  the  tes t phase are then  dragged 
behind  and the  hole takes up  the  position which is vacated by the last link th a t  
moves Also, all particles which partic ipa ted  m th e  process becom e im m obile for 
the  rest of the  tim e step
4 8 Other changes m SCL-DIV
T he last section of th is chap ter describes o ther changes m ade m  SCL-DIV com ­
pared  to  original SCL which are no t d irectly  rela ted  to th e  new m echanism s, b u t 
still m odify some of the  original m echanism s in im p o rtan t ways
T he m echanism  for chain-based bond inh ib ition  is changed, so th a t  it is possi­
ble to  specify w ith  a sim ulation param eter (c h a in ln h ib itB o n d C o u n t)  how m any 
chain links need a t  least be m  the neighbourhood in order to  suppress the  form a­
tion of a bond This allows for a  g rea ter flexibility when using th is  m echanism  
C ata lyst-based  bond inh ib ition  can be influenced in the  sam e way w ith  ano ther 
sim ulation  param eter (c a tln h ib itB o n d C o u n t)  S e tting  e ither c h a i n l n h i b i t -  
BondCount or c a tln h ib itB o n d C o u n t to 6 effectively tu rn s  each p a rticu la r m ech­
anism  off Furtherm ore, the boolean param eter in h ib i tO n ly F re e L in k s  specifies, 
w hether only free links are affected by the  two bond inh ib ition  m echanism s or 
single-bonded links as well
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Substrates, which are inside a  link, can now move in to  o ther (em pty) adjacent 
links whereas they could only move in to  adjacent holes m  the  original SCL system  
T his is achieved by changing the m echanism  which im plem ents the  emission of 
su b s tra te  particles from links If the  ad jacent particle , which is random ly  chosen 
during  the  emission, is a  link w ithout an absorbed su b stra te , then  the  su b s tra te  
is transferred  to  th is link T he pa ram ete r a b s o r p t io n P r o b a b i l i ty  doesn’t in­
fluence th is transfer T his extension enables substra tes  to  move th rough  adjacent 
layers of chain links which is no t possible in original SCL
T he procedure th a t  im plem ents the  bonding of links, is changed significantly 
T he neighbourhood of a  link w ith  less than  two bonds can now be searched 
every tim e step  for bonding  p a rtn e rs  T h is search is (de-) activated  by se tting  
the boolean sim ulation pa ram ete r scan F o rB o n d ab leN eig h b o rs  accordingly I t 
s ta r ts  a t a  random  position  and continues un til a  bond ing  p a rtn e r is found If no 
search is conducted, a random  adjacent partic le  is chosen and exam ined if it can 
serve as a  bonding p a rtn e r In bo th  cases, when th e  pa ram ete r acu teB onds is 
set to  FALSE, a possible neighbour is discounted if bonding to  it would resu lt in 
c rea ting  an acu te  angle betw een the  new and an existing bond O therw ise, the  
new bond is created  and no probabilities are used to  control th is process so in 
effect the  bond is created  w ith  probab ility  one O f course, if no bonding  p a rtn e r 
is present in the  neighbourhood, then no bond can be form ed This eager bonding 
m echanism  facilita tes cluster form ation which is necessary for division
Bond decay, which w asn’t present m th e  m odel of V arela e t al (1974), is 
rem oved again so th a t  a bond is only dropped when one of th e  links which are 
bonded together d isin tegrates T h is is necessary to  ensure th a t  the  new self- 
m ain tenance m echanism  can opera te  as in tended
Lastly, in SCL-DIV certain  sim ulation param eters  are h e n ta b le  instead  of 
global as m the  original SCL system  T his m eans th a t  ca ta lysts  can have indi­
vidual values for those param eters and tran sm it them  to  the ca ta lysts and links 
which they produce T hus cells w ith  different param eter sets can grow and re­
produce in the  sam e world
W ith  these new m echanism s and o ther changes in place, the  following chap ter 
describes som e aspects of the  phenom enology m SCL-DIV and it is illu s tra ted  
how the  m echanism s work together so th a t  self-m aintenance and self-reproduction 
is achieved
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5 Phenomena of the SCL-DIV world
T his chap ter describes w hat can be observed during  runs of the  SCL-D IV system  
T he  s tan d a rd  pa ram ete r set used for the runs is shown in tab le  1 Any deviation 
from  s tan d a rd  values are m entioned m  the  relevant sections T he m obility  factors 
control th e  random  walks of the  particles on the  la ttice  as described in (M cM ulhn 
1997) T here  are o ther sim ulation param eters for SCL-DIV as well, b u t these 
control curren tly  unused m echanism s and a ren ’t  listed  here
t
5 1 Self-maintenance using lifetime units
F irst of all it is necessary to evaluate the new self-m am tenance m echanism  before 
looking a t division and the  long-term  developm ents Therefore, 200 runs have 
been conducted s ta r tin g  w ith the  world shown m  figure 2 (p 30) T he s tan d a rd  
p aram eter set shown m tab le  1 is used w ith  the  exceptions th a t  a u to c a t a l y s i s  
is set to  FALSE and l in k 2 L i f  e sp an  reduced to 500 T he links m the m em brane 
o f the  in itia l cell each contain  500 lifetim e units, the ca ta lyst contains 20 and  
a t every la ttice  position there  are 200 free lifetim e un its All m all, the  world 
contains 186,020 lifetim e un its  T he only difference between the runs is th a t  
the  random  num ber generator is seeded w ith  different values Also, the  runs 
are configured to  au tom atically  s top  a t a  lim it of 50,000 tim e steps or when the 
ca ta ly st d isin tegrates
Given these num bers, the  original cell is a t  least able to  m ain ta in  itse lf for 
som ew hat less th an  500 tim e steps T he reason for th is is th a t the  transfer of life­
tim e un its  from the  chain links to  the  ca ta ly st stops when the chain links in ques­
tion drop below 40 lifetim e un its  (which is twice the  value of c a ta ly s tL  i f  espan) 
A t th is  po in t, th e  ca ta lyst has a t best 20 lifetim e un its  left so th a t  it will dis­
in teg rate  around tim e step  480 D isin tegration p rio r to  th is po in t can happen , 
when the  ca ta lyst doesn’t come in to  contact w ith  the  m em brane for a  sufficiently 
long tim e interval Furtherm ore, the  continuous m ain tenance of the  ca ta lyst also 
draw s lifetim e un its  from  the m em brane so th a t  a m inim al lifespan of 480 is an 
over estim ation
T he  d isin tegration  of the ca ta lyst in these runs is taken as an ind ica to r for 
the  failure of the  cell’s self-m aintenance capability  I t is a sufficient condition for 
failure, b u t no t a  necessary one because the  m em brane could have been ru p tu red  
p rio r to  th a t  In the case where the m em brane was ru p tu red  before the  d isin te­
g ration  of the  ca ta lyst, th e  tim e step  during  which the  ru p tu re  occurs is taken to 
ind icate the  po in t of failure
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sim ulation  param eter value valid range
c a ta ly s tM o b i l i ty F a c to r 0 1 0 0 - 1 0
l in k M o b i l i ty F a c to r 0 1 0 0 - 1 0
s u b s t r a te M o b i l i ty F a c to r 0 5 0 0 - 1 0
h o le M o b il i ty F a c to r 0 5 0 0 - 1 0
p r o d u c t io n P r o b a b i l i ty 1 0 0 0 - 1 0
d i s i n t e g r a t i o n P r o b a b i l i t y 0 01 0 0 - 1 0
a b s o r p t io n P r o b a b i l i ty 0 5 0 0 - 1 0
e m is s io n P r o b a b i l i ty 0 5 0 0 - 1 0
c h a in ln h ib itB o n d C o u n t 1 1 - 6
c a tln h ib itB o n d C o u n t 1 1 - 6
în h ib i tÜ n ly F re e L in k s T R U E T R U E /F A L S E
d isp la c e G ro w th T R U E T R U E /F A L S E
d is p la c e G ro w th P ro b a b il i ty 0 5 0 0 - 1 0
c a ta ly s tL i f e s p a n 20 1 - 2000
l in k 2 L ife s p a n 1000 1 - 5000
scan F orB ondab leN eighbo rs T R U E T R U E /F A L S E
a u t o c a t a l y s i s T R U E T R U E /F A L S E
acu teB onds T R U E T R U E /F A L S E
o r g a n iz e d F is s io n T R U E T R U E /F A L S E
a p p ly L ife s p a n s T R U E T R U E /F A L S E
f r e e L if e t im e T R U E T R U E /FA L SE
ch a in M o tio n T R U E T R U E /F A L S E
c h a in M o tio n ln itP ro b 0 001 0 0 - 1 0
Table 1 S tandard  values of the  sim ulation param eters  T he  valid range for each 
pa ram ete r is shown in the  th ird  colum n c a ta ly s tL i f e s p a n  m ust be 
sm aller th an  ha lf the l in k 2 L ife s p a n
F igure 10 sum m arizes the  lifespans of the  cells which were achieved m the 
200 different runs Only four of the  runs term ina ted  before 500 tim e steps and 
in none of them  the cell is able to  m ain ta in  itse lf un til the  lim it of 50,000 tim e 
steps
T he s ta tis tica l param eters, on which figure 10 is based, are shown m tab le  2 
T he  m inim al lifespan for a  cell observed in these runs is 453 tim e steps, which 
is close to  the  expectation  T he  second quaxtile has a range of 3,628 whereas 
the th ird  quartile  has a range of 3,695 T his indicates, th a t the d istribu tion  of 
lifespan values is only slightly  skewed close to  the m edian However, the  first 
and fourth  quartiles show th a t fu rther away from  the  m edian  there  is an obvious 
skew tow ards the  sm aller values Thus the  p robab ility  o f failure is h igher during  
the  beginning of the  run  ind ica ting  th a t  the  s ta r t  configuration of the  cell is no t
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Lifespans of the cells
Figure 10 Box-and-w hisker p lot of the  200 lifespan values obtained  by the  runs 
descnbed  in the tex t T he box com prises th e  values contained m 
the  second and th ird  quartile  w hereas the  bar represents the  m edian 
of th e  d istribu tion  T he  whiskers ex tend  to  th e  m ost extrem e d a ta  
po in t which is no m ore than  1 5 tim es the  in te rquartile  range from 
the box T he in te rquartile  range is th e  difference between the highest 
value in the  th ird  quartile  and lowest value in the  second quartile  
O utliers beyond the  whiskers are represented  by circles and if no 
ou tlier is present a  whisker extends up  to  th e  m ost extrem e d a ta  
poin t
the  m ost stab le  one I t is also im p o rtan t to  no te  th a t  the  lifespans m easured 
are d istribu ted  over a large interval which from  the  m inim um  to  the m axim um  
value spans two orders of m agn itude  T his considerable varia tion  shows th a t  
th e  lifespan is to  a g rea t ex ten t influenced by factors th a t  are outside the  cell’s 
control O ne such factor would be the  su b stra te  density  and ano ther one particle  
m otion th a t  is im plem ented as a random  walk
F urther analysis of the  runs shows, as can be expected because of the  activated  
fission m echanism , th a t  m em brane divisions continually  occur B ut since there  is 
only one ca ta lyst only one of th e  m em branes after a division will be able to persist 
T here  are three possible ways, m  which th e  cell will eventually  d isin tegrate  F irst, 
the  m em brane can confine the  ca ta ly st to  an area  too sm all for p roduction  of new 
links to  occur Over tim e, all free links will d isappear thereby cu ttin g  off the 
m em brane from  the  supply of free lifetim e un its  Second, a growing cell which 
doesn’t  divide can becom e so large th a t  the  ca ta ly st can diffuse around m its 
in terio r w ithou t touching a  chain link so th a t  it will run  o u t of lifetim e un its  and 
d isin tegra te  T he  th ird  scenario involves a large cell as well, w ith  the  ca ta ly st 
confined to  a  sm all area, b u t still capable of p roduction  (cf upper row o f figure
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s ta tis tic  m easure value
m inim um 453
1st quartile 2,363
m edian 5,991
m ean 6,804
3rd quartile 9,689
m axim um 47,630
T a b le  2 Sum m ary s ta tis tics  of the  200 runs T he num bers shown indicate the 
tim e step  a t the  end of which no m em branes are present m the world 
or the  tim e step  during  which the  ca ta ly st d isin tegrates, whichever is 
earlier
13) All the  free links produced, will be confined to  th a t  area as well and only from 
th a t  area can lifetim e un its  en ter the  m em brane If  the  m em brane is large, there 
m ight not be enough free lifetim e un its  collected m th is area  to  sustain  all the  links 
in the  m em brane Consequently, the  m em brane will ru p tu re  a t a  position some 
d istance away from  the area contain ing the  ca ta ly st In th a t case, the  ca ta ly st 
still rem ains confined to th is area  and produces free links, b u t these cannot reach 
the  ends of the now open chain Because of spontaneous d isin tegration , the  chain 
constan tly  shrinks B u t un til a gap develops, th rough  which the ca ta ly st could 
escape, there  is always the  possibility th a t  the  chain closes itse lf or th a t  a  new 
cell is sp lit off from the  confinem ent area th rough  the  fission m echanism
To sum  up, a lthough th e  cell is able to  m ain tain  itse lf on average abou t 15 
tim es the m inim um  lifespan, it will also eventually  d isin tegra te  T his dem on­
s tra tes  th a t, a lthough the new self-m aintenance m echanism  is m ore e laborate  
th an  the original one, which only relied on the repair of rup tu res, it still won’t 
suppo rt any so rt of triv ia l im m orta lity  I t  is also im p o rta n t to  note, th a t  whereas 
in the  original SCL system  due to  the process of self-m aintenance there  is a tu rn ­
over of links in the  m em brane, the  turn-over in the  extended version involves 
whole m em brane segm ents T his is the  case because during  division a p a rt  of the 
m em brane splits off to  form a  new one
5 2 Long-term world development
T his section describes m ultip le runs conducted w ith  two different worlds T he 
param eters  used for bo th  runs are shown in tab le  1 which in p a rticu la r  m eans 
th a t  com pared to the  runs described m the  previous section the  au tocata lysis 
reaction is now activated
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s ta tis tic  m easure value
m inim um 167
1st quartile 201 3
m edian 1354
m ean 22,787
3rd quartile 49,917
m axim um 90,157
Table 3 Sum m ary s ta tis tic s  of the 52 runs which d o n ’t reach the lim it of 100,000 
tim e steps T he  num bers shown ind icate  the tim e step during which 
the  last ca ta ly st d isin tegrated
5 2 1 Small world
T his is the  sam e world as used before, shown in figure 2 (p 30) However, 
the  links which co n stitu te  th e  m em brane are now in itialised  w ith  200 lifetim e 
un its  each, the o ther lifetim e in itia lisa tion  values are the  sam e as m the previous 
section Consequently, there are now 182,420 lifetim e u n its  in to ta l in th is world 
150 runs were conducted w ith  a different seed for the  random  num ber genera to r 
m each run R uns e ither te rm in a te  when no ca ta ly sts  are left or when a  lim it of
100,000 tim e steps is reached
I t  tu rn s  ou t th a t  ab o u t one th ird  of th e  runs d o n ’t  reach the lim it of 100,000 
tim e steps because all ca ta ly sts  have d isin tegra ted  before Table 3 shows the 
s ta tis tica l param eters  for these runs As can be seen, the  d istribu tion  is now 
m ore skewed tow ards sm aller values com pared to  the  one m  tab le  2 O ne reason 
for th is is th a t the  links m aking up  the  m em brane are in itialised  w ith  less lifetim e 
un its  (200 as opposed to  500) so th a t  the  failure ra te  of the  cell early in the  run 
can be expected to be h igher Closer analysis of the  52 runs shows th a t  27 of them  
fail ra th e r  soon w ith  no or only one division occurring T hus the  m edian of the 
d istribu tion  nearly  divides these from the  o ther 25 runs which lasted  considerably 
longer as the m ean value which is ab o u t 16 tim es higher th an  the  m edian shows 
T he reason th a t those 25 runs lasted  longer is th a t  au tocata lysis  is now tu rned  on 
and th e  en tities can self-reproduce Hence there  there  can be several cells m the 
world and a run  can still continue when one of them  disin tegrates Furtherm ore, 
the  absence of any m em branes from the world, a lthough ind ica ting  th e  tem porary  
failure of all au topo ie tic  entities, does no t m ean th a t  no au topoietic  en tities can 
re-em erge again during  the  rem ainder of a  run  O nly when all ca ta ly sts  have 
d isin tegrated , no cells can ever arise again
T he  runs which reached the  lim it are analysed m the  following way For each
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Number of membranes present during fraction of time steps
number of membranes
Figure 11 For each num ber of m em branes, the fraction  of tim e steps during  
which th is num ber of m em branes is present is determ ined separately  
for each of the  98 runs, ignoring the  first 10,000 tim e steps T he
fractions from the  different runs are represented as a  d istribu tion
w ith  box-and-w hisker p lo ts (set up  like m figure 10) for each num ber 
of m em branes
run  it is calculated , how m any m em branes are present during  how m any tim e 
steps T he first 10,000 tim e steps are no t counted to  ignore possible peculiarities 
only characteristic  of the in itia l phase of the  run For each value of the  num ber 
of m em branes, the  relative frequencies from each run  are collected and shown as 
a  box-and-w hisker p lo t in figure 11 I t is apparen t from  th is figure th a t  all runs 
have certain  p roperties m  com m on For instance, during  all runs the  fraction of 
tim e steps when two or th ree  m em branes are present is always higher than  the 
fraction of tim e steps when no or m ore th an  five m em branes are present Thus 
it can be said, th a t  for each run  there are during  the  m ajo rity  of tim e steps one 
to five m em branes m  the world
D uring 45 of the  98 analysed runs, there  is always a t least one m em brane 
present However, m  the o ther runs there  are periods when no m em branes are m 
the world T his, of course, m eans th a t  there c an ’t  be a cell in the  world which
m eans th a t  no au topo ie tic  en tity  can be present during  such a period  These
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Figure 12 Developm ent of the  num ber of m em branes present during  one of the  
runs
penods d o n ’t take up m ore th an  8 % of the  tim e steps m  any of the  analysed 
runs, so it is apparen t th a t  from  such a m em brane-free period  new cells can arise 
An exam ple of th is can be seen m figure 12 Between tim e step  46,322 and 49,541 
there  is no m em brane present in the world b u t after th is interval of over 3,000 
tim e steps the  m em brane num ber increases again, which w ouldn’t  be possible 
if a cell which then  divided had not em erged D uring a m em brane-free period 
there  are typically  several ca ta lysts  enclosed in one or several open chains of 
links Since the  ends of an open chain are sub jec t to  spontaneous disin tegration, 
it will shrink if it doesn’t  close itse lf or if a new cell emerges th rough  the  fission 
m echanism  For the tim e interval m question, th is is illu s tra ted  in figure 13 As 
can be seen m the  upper row, the  only cell a t  th is tim e m the  world fails to 
m ain ta in  its m em brane because its ca ta lysts  are confined to  the left p a rt T his 
is the  th ird  scenario of cell d isin tegration  described m section 5 1 T he  three 
free links a t the ru p tu re  site shown m the  upper right snapsho t are in the  s ta te  
of d isin teg ra tion  and therefore cannot form  bonds to reestab lish  the  m em brane 
A fter m ore th an  3,000 tim e steps, the open chain has considerably shrunk from 
its ends th rough  bo th  spontaneous d isin tegration  and  insufficient lifetim e units,
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Figure 13 Four snapshots from the  run shown in figure 12 T he upper row 
shows the  world a t tim e steps 46,322 and 46,323 while the  lower row 
shows tim e steps 49,540 and 49,541 respectively For details see tex t
leading to  th e  s ta te  shown m the  lower left snapsho t A t th is tim e, the  open ends 
are in a configuration w ith  a channel betw een them  Free links, produced by the 
ca ta lysts move in to  th is gap and th rough  the fission m echanism  the  chain closes 
in to  a  new m em brane
A different, hypo thetical, explanation  for the  rise m m em brane num bers to six 
a t tim e step  54,414 (cf figure 12) could be th a t  th rough the fission m echanism  
a  new m em brane is produced  w ithou t an  enclosed ca ta ly st However, it  is very 
unlikely th a t  several em pty  m em branes are produced and m ain ta ined  by ca ta ly sts  
outside them  For th is to  occur the  ca ta ly sts  would have to  be confined betw een 
the m em branes or otherw ise the  form er would sooner or la te r  diffuse away and 
d isin tegra te  when cu t off from the  supply of lifetim e un its  provided by the  m em ­
branes W hen the  ca ta lysts  are confined between the  m em branes and produce 
free links then  these can get in to  the  channels betw een the  m em branes, which can 
be expected to form  because of m em brane flexibility U nder th e  operation  of the
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Figure 14 T he s ta te  of the  sam e world used for figure 12 a t the end of tim e 
step  100,000
fission m echanism , two m em branes then  could fuse in to  one If channels too  large 
for the  fission m echanism  to  opera te  develop betw een th e  em pty m em branes, for 
exam ple through  chain m otion, there is the  danger of the  ca ta lyst eventually  es­
caping th rough  th is channel and soon the  m em branes would d isin tegrate  All in 
all, whenever the  m em brane num ber falls to 7ero during  a run  and la te r  increases 
again it is reasonable to  assum e th a t  an au topo ie tic  en tity  has re-em erged Figure 
14 shows the  world which is the basis of figure 12 at the  end of its run  of 100,000 
tim e steps T he three cells m  the world belong to  the  lineage established by the  
cell shown m the  lower righ t snapsho t of figure 13
As m entioned earlier, in one th ird  of the  runs the  population  of cells dies ou t 
before 100,000 tim e steps are com pleted Thus, m a  ra th e r  sm all world as used 
for these runs, it is possible th a t  all au topo ie tic  entities d isin tegra te  one after 
ano ther, for the  reasons given in section 5 1, un til none are left D uring such 
a period, none of the cells is apparen tly  able to  establish  a new population  of 
au topo ie tic  en tities Obviously, if the world was larger and could sup p o rt m ore 
cells, then it would be m ore likely th a t  there  is always a cell p resent which is able 
to  process the  substra tes  from  disin tegrated  au topo ie tic  entities, can then  divide 
and  estab lish  a new cell popu lation  Therefore, the  following section investigates 
such a  larger world
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Figure 15 A 60 x 60 world contain ing four cells T he  cells have the sam e size 
as the  one in figure 2 T here  are curren tly  2,658 substra tes  m th is 
world, 13 of which are absorbed m  links If all links and ca ta lysts 
d isin tegrated , there  would be 2770 substra tes
5 2 2 Large world
T he runs described in th is section are conducted in a  60 x 60 world, which is 
shown in figure 15 I t  contains four cells which are arranged  nex t to  each o ther in 
a  square T he reason why th is world is seeded w ith  four cells instead  of one as in 
the  previous section is to reduce the likelihood th a t  a run  term inates due to  early 
failure as happened  in 27 of 150 runs in the  sm all world Each link is initialised  
w ith  betw een 997 and 999 lifetim e units, each ca ta ly st w ith  20 and a t each la ttice  
position are 100 free lifetim e units, m to ta l there  are 408,010 lifetim e un its  in this 
world 50 runs were conducted w ith  th is world m the  sam e m anner as described 
m the  previous section b u t the  lim it is increased to  200,000 tim e steps O ne of 
the runs te rm ina ted  after 11,019 tim e steps, the  o thers are com bined in th e  sam e
Number of membranes present during fraction of time steps
number of membranes
F ig u r e  16* As in figure 11, b u t each d istrib u tio n  com prises values from 49 runs 
and the first 20,000 tim e steps of each run are ignored
way as in the previous section to  produce figure 16 T his tim e, the  first 20,000 
tim e steps of each run  are ignored
F irs t of all, when com pared to figure 11, the  overall d istribu tion  appears now 
m ore sym m etric  and th e  in terquartile  ranges have becom e sm aller T his can be 
a ttr ib u ted  to  the  fact th a t  the world is four tim es larger and supports  abou t four 
tim es as m any cells Therefore, the range of m em brane num bers reaches from  two 
to  21 Also, each run  lasted  200,000 tim e steps which is twice as m any as m the 
previous section These two effects together lead to  the  result th a t the fractions 
for the  different runs cluster m ore closely for each num ber of m em branes Now 
all runs have m com m on th a t  during  the m ajo rity  o f tim e steps seven to 15 
m em branes are present m  the  world Furtherm ore, there  are significantly m ore 
often ten or eleven m em branes present th an  e ither seven, eight or any from twelve 
to  15
Also, there  a ren ’t any periods m  these runs during  which there  are no m em ­
branes present This doesn’t m ean though, th a t  there  is always a cell present, 
because a  few m em branes m th is large world can be possibly m ain tained  by ca t­
alysts ou tside them  B ut figure 16 m akes clear, th a t  there  are only very rarely
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Figure 17 Developm ent of th e  num ber of m em branes and  the  fraction of the  
to ta l num ber of chain links which are p a rt  of an open chain during  
one of the  runs
less th an  four m em branes present and such periods never com prise m ore th an  
1 % of the  to ta l am ount of tim e steps m  any of the  runs W hen four or m ore 
m em branes are present, then  it is reasonably certa in  th a t  a t  least one of them  is a 
cell Consequently, as expected, the  possib ility  of the  whole population  dying out 
is m uch reduced and  only one of the  50 runs doesn’t  reach th e  lim it of 200,000 
tim e steps T his has to  be com pared w ith  the 25 of 150 runs m  the sm all world 
which d id n ’t reach the  lim it of 100,000 tim e steps b u t still were com paratively  
long-lived Because the  large world is seeded w ith four cells, early failure doesn’t 
occur any m ore and the  ra te  of la te r  failure relative to th e  sm all world is reduced 
from one in six to  one m 50
W h a t happens during  periods when relatively few m em branes are in the  world 
can be derived from  figure 17 T he upper graph  displays the  num ber of m em ­
branes present over tim e while the  lower one shows the  corresponding fraction of 
chain links which are in an open chain As can be seen, from  tim e step  90,000 to
130,000 a t least 20 % of the chain links are p a rt  of open chains D uring such a 
period there  would be typically  one or several open chains enclosing several c a ta ­
lysts T h is aggregation then  develops in to  one o r several cells under the  influence
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of the  fission m echanism  unless it d isin tegrates when it is no t able to  contain  its 
ca ta lysts  U sually though, such an aggregation is ra th e r  short-lived, as can be 
seen by the  m u ltitu d e  of spikes m the lower graph  I t  typically  is the  resu lt of a 
growing cell which fails to  divide and then  breaks open (cf section 5 1) If  one of 
the  ca ta ly st escapes, there  are also possible effects on the o ther cells because the 
ca ta ly st can bounce betw een the  now open chain and an ad jacen t cell W hen free 
links are produced  and there is an  appropria te  channel betw een the  cell and the  
open chain for the  fission m echanism  to  operate, then  as a  resu lt the  adjacent cell 
will break open T his process can repeat and eventually  affect a  large p a rt of the  
world, resu lting  in a  possibly quite  long period  during  which a  significant am ount 
of chain links is m open chains A world w ith  these characteristics is shown m 
figure 18
C om paring the num ber of m em branes w ith  the fraction  of chain links in open 
chains in figure 17 shows th a t  during  the  longer periods where the  fraction of 
chain links in open chains is high, the num ber of m em branes indeed often drops 
This can be seen for exam ple around tim e step 115,000 171,000 and 188,000 O n 
the  o ther hand, around tim e step 46,000 (cf fig 19), the  m em brane num ber 
drops to  three and the fraction of chain links in open chains is low as well T he 
reason for th is is th a t  the  num ber of m em branes depends on o ther factors as 
well For instance, if cells divide successively before growing very large, a lot 
of m em branes can be present whereas if cells grow large w ithou t dividing, then 
ra th e r  few m em branes are present a lthough m ost of the  chain links are in the  
m em branes T hus, there  can be no direct correlation betw een the two graphs 
m figure 17 Finally, figure 20 shows a  m ore typical world configuration than  
those m the  previous figures All m all th is subsection shows th a t  m a sufficiently 
large world som e au topo ie tic  en tities can always be expected to  be  present Due 
to  ongoing turnover of cells, po ten tia lly  infinite lineages of them  can only be 
established through ongoing self-reproduction
5 2 3 Population dynamics
T he plots m  figures 12 and 17 illu s tra te  th a t  there  is a complex population  dy­
nam ic However, the  curves show ra th e r  e rra tic  fluctuations because there  are 
always some cells d isin tegrating  and o ther ones reproducing As m entioned, when 
a  cell d isin tegrates w ith  th e  ca ta ly st escaping, th is  has po ten tia lly  d isastrous con­
sequences for the  o ther cells B u t even w ithou t such ca tastrophes, bo th  division 
and d isin tegration  are to  a significant ex ten t affected by random  factors which
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Figure 18 T he run  displayed m  figure 17 a t tim e step  115,475 T he only two 
cells m  th is world are m arked w ith  num bers in their in terio r Note 
th a t  cell num ber two is alm ost com pletely su rrounded by an open 
chain th a t  encloses ca ta lysts betw een it and the  cell m em brane T he 
open chain m  the  center is the  rem nan t of a  recently d isin tegrated  
cell
cannot be controlled by the cells For instance m em brane flexibility, which is 
based on the  random  walk of links (as far as th e  bonds allow) influences b o th  
division and d isin tegration  of cells For cell division to  occur the  m em brane m ust 
form  a  channel som ew here and awkward m em brane configurations can lead to  
d isin tegration  as discussed in section 5 1 (cf also fig 13) All th is leads to  
significant variab ility  in lifetim e and  gesta tion  tim e o f the  cells
T his variab ility  can still be  seen when th e  early stages of th e  runs m the  large 
world are investigated  A t the  beginning of the  run  su b stra te  availability, which 
n a tu ra lly  influences lifetim e and gesta tion  tim e as well, only plays a m inor role 
Nonetheless, even when oscillations in the  m em brane num bers are rem oved, then
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Figure 19 T he run  displayed m figure 17 a t tim e step  46,290 T here  are th ree 
cells m th is world, two of them  ad jacen t to  each o ther m  the upper 
center of the  snapshot and the  th ird  m  the  corners All the m em ­
branes are ra th e r  large and  convoluted which is the  reason th a t  none 
of the  th ree  cells has divided yet
as shown m figure 21 there  are still significant differences between the  runs On 
the o ther hand  it is also apparen t from  this figure th a t  m several of the runs 
the m em brane num ber increases m an exponential-like fashion This m ay seem a 
little  surprising because due to  the ir im m obility  paren t and  daughter cell rem ain  
ad jacent to  each o ther which leads to a colonial grow th where cell division is 
possible in th e  ou term ost layer of nngs only Because the  num ber of cells in 
each ring  is lim ited  by the  d iam eter of th a t  ring  only quad ra tic  grow th should be 
possible However it has to be kept in m ind th a t  even in th e  large world colonies 
are still so sm all th a t  they can hard ly  be said to  have separa te  rings (cf fig 
20) Therefore, for the  ra th e r  sm all increase from  four to  eleven m em branes, this 
lim iting  effect of colonial grow th cannot be expected to  m anifest itse lf
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Figure 20 T he run  displayed m  figure 17 a t tim e step  200,000 T here are  ten 
cells (13 m em branes) m th is world, m ostly  of m oderate  size Because 
cells as wholes are im m obile, they  usually  can be found in clusters
5 2 4 Selective displacement and genetic drift
T he ca ta lysts  m SCL-DIV due to  the ir au to ca ta ly tic  reproduction  are effectively 
self-replicators Hence they  can be used as in form ation  carriers for certain  sim ­
ulation  param eters  th a t influence the behaviour of ca ta lysts  and links Links 
and ca ta lysts  which are produced by a  given ca ta ly st then  inherit its  param eters  
T hus ca ta lysts  can come to  act as genomes of th e  cells This makes it possible to 
em bed cells w ith  different genotypes in to  the  world and investigate w hether the  
resu lting  phenotypic differences will over tim e lead to  a selective d isplacem ent of 
one of the  genotypes
T he general possibility  o f th is procedure is dem onstra ted  by an experim ent 
conducted m the  large world (cf fig 15) Two of the  four cells, the  one in 
the  southw est and no rtheast of the cluster, are in itialised  w ith  “m u ta ted ” cat-
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Figure 21 For each of the  49 runs m the  large world th a t  reached the lim it the 
tim e po in ts a t which the  m em brane num ber successively increases are 
p lo tted  and connected by hnes T he last po in t to in each line is the 
tim e po in t a t which for the  first tim e eleven m em branes are present 
in th e  world Because only th e  tim e poin ts a t which the m em brane 
num ber increases are p lo tte d , oscillations m  the  m em brane num ber 
are filtered ou t
alysts th a t  have a  reduced p ro d u c t  x o n P r o b a b i l i ty  of 0 7 (cf ta b  1) In 
o ther words, the  m u ta ted  ca ta lysts  have a  different allele a t  the gene locus for 
p r o d u c t lo n P r o b a b i l i ty  th an  the  norm al ones T he phenotypic effect of th is is 
th a t  b o th  ca ta lyst and link production  are reduced T he la tte r  not only entails 
a slower grow th b u t also a reduced self-m aintenance capability  because free links 
are necessary to continuously transfer lifetim e un its  in to  the  m em brane T he 
expecta tion  therefore is th a t, because of th e  lim ited  resources m the  world, the 
cells w ith  th e  original param eters will over tim e outgrow  the  o ther ones W ith  
constan t resources, such a selective d isplacem ent would no t be possible when the 
com peting populations show quad ra tic  grow th (Szathm&ry and M aynard Sm ith  
1997, sec 2)
W ith  th is setup , 30 runs w ith  differing seeds were conducted in successive 
intervals of 1,000 tim e steps A fter every in terval the  num ber of ca ta lysts  for
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Figure 22 For every run  the fraction of ca ta ly sts  th a t have a reduced 
p ro d u c t  i o n P r o b a b i l i ty  is calculated  after each interval of 1000 
tim e steps Except for the  two end p o in ts , the  floating averages of 
th ree  ad jacent values are p lo tted  and connected by lines
b o th  genotypes is counted and if one of them  has d ropped  to  zero the run  won’t 
be continued T he  m am  resu lt is th a t only m th ree  of th e  30 runs the m u ta ted  
ca ta lysts  displace the  original ca ta lysts which consequently “w in” the  o ther 27 
runs Furtherm ore it takes no longer th an  55,000 tim e steps m any of the  runs 
un til a  com plete displacem ent has taken place A m ore detailed  p ictu re  of the 
d isplacem ent process can be gained from figures 22 and 23 which show the  relative 
and absolu te developm ent of the  m u ta ted  ca ta ly sts  F irs t of all i t  is apparen t 
th a t  th e  curves show significant fluctuations which can be a ttr ib u ted  to  genetic 
d rift Nonetheless in the  twelve runs th a t  are still undecided after 30,000 tim e 
steps the  norm al ca ta lysts  are always in m ajo rity  which is the  resu lt of selection 
Furtherm ore, the  absolu te num bers show th a t  the m u ta ted  ca ta lysts  m ultip ly  
and often reach high num bers for prolonged periods of tim e T his ind icates th a t  
the  two m u ta ted  seeding cells indeed grow and m ultip ly  and no t only m ain ta in  
them selves for a  certain  tim e period and then d isin tegrate
Nonetheless, the  resu lts described so far are no t com pletely conclusive because 
genetic d rift m a finite popu lation  will sooner or la te r  always lead to  the  fixation
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F ig u re  23  Sim ilar to  figure 22, b u t here the  absolute num ber of ca ta ly sts  w ith 
a reduced p r o d u c t lo n P r o b a b i l i ty  is calcu lated  and averaged every 
1000 tim e steps
of one of the  alleles Therefore it is necessary to  com pare these resu lts w ith 
those from  an  experim ent th a t  investigates genetic d rift itse lf T his is done w ith  
ano ther 30 runs conducted in the  sam e way as above, b u t the  m u ta ted  ca ta lysts 
th is tim e only differ from the  original ones w ith  respect to  a n eu tra l gene locus 
T he original ca ta lysts  carry  allele A a t th is locus while th e  m u ta ted  ones carry 
allele B N either allele has any phenotypic effect w hatsoever A p art from th a t, 
the runs are lim ited  to  150,000 tim e steps T he resu lts of these runs are shown 
m figure 24 F irs t of all it is apparen t th a t  the  curves now are m ore evenly 
d istrib u ted  across the  range com pared to  figure 22, which m arks the  absence of 
selection Furtherm ore, un til tim e step 55,000 only eleven runs have been decided, 
showing th a t  selection leads to  a quicker d isplacem ent th an  genetic d rift alone 
A fter 150,000 tim e steps a com plete d isplacem ent has taken place in 26 runs, of 
which twelve tim es the  m u ta ted  allele B succeeds T his stands m  con trast to  
the  only three runs of the  selection experim ent “won” by the  m u ta ted  ca ta lysts 
Furtherm ore, those three runs were decided w ith in  the  first 20,000 tim e steps, 
while m the  genetic d rift case, decisions e ither way happen  during  all periods
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F ig u r e  24  Like figure 22, b u t here the  fraction of one of the  two types of c a ta ­
lysts which only differ w ith  respect to  a neu tra l gene locus is calcu­
la ted  and  averaged every 1000 tim e steps T he vertical line m arks 
tim e step 55,000 a t which stage all runs m  figure 22 had  been decided
of the  runs T his indicates th a t  selection is so s trong  th a t a decision tow ards 
the  cells w ith  a reduced p ro d u c t  l o n P r o b a b i l i ty  is only possible if genetic drift 
m those runs leads to  a quick displacem ent of the  original cells O therw ise, 
reproduction  will soon lead to an increase m th e  num ber of original cells so th a t  
their sim ultaneous failure becom es unlikely All th is shows th a t  even if there was 
selection present m  the  genetic d rift runs, because some of the  seeding cells had  
some sort of unrecognised heritab le  (epigenetic) advantage, the  force of selection 
m  the  runs with the  reduced p ro d u c t  lo n P r o b a b i l i ty  is significantly stronger 
Because th is subsection dem onstra tes selective displacem ent, an evolutionary 
process w ith  m uta tions of the  ca ta ly sts  m  SCL-DIV should be possible T he s it­
uation  can then  be com pared to  th a t  of a genetic a lgorithm , w ith  the  difference 
th a t  in SCL-D IV the  fitness function would be im plicit while m the  form er it is 
explicit B ut w hat counts as fit m SCL-DIV is the  longevity and fertility  of the  
ca ta lysts  which is no t necessarily synonym ous w ith  the  longevity and fertility  of 
cells For instance it  would be possible for ca ta ly sts  to  survive m a  world m ore or 
less evenly filled w ith  clusters and su b stra te  to  produce sufficient free links These
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would then  bo th  provide the clusters w ith  lifetim e un its  to  m ain ta in  them  and in­
directly  the  ca ta lysts  and also restore clusters in case of d isin tegration  A lthough 
th is s itua tion  has never occurred as th e  result of any of the  runs conducted so 
far, i t  is conceivable th a t  it m ight occur w ith a different pa ram ete r set
F urtherm ore, genetic d rift is qu ite  significant m  the  still ra th e r  sm all popu la­
tions th a t  can be contained  m  the  large world Therefore an even larger world 
would be  advisable to  actually  conduct an evolutionary  run  because the fluctu­
ations caused by genetic d rift would be sm aller m larger populations T his of 
course entails an increased dem and for com puta tion  tim e which alone m ay very 
well m ake such an endeavour im practicable  w ith  the  curren t im plem entation  of 
SCL-DIV B u t since such a run, even if it kept the phenom enology of reproducing 
cells, would necessarily be a process of lim ited  po ten tia l because only existing pa­
ram eters would be modified and selective d isplacem ent has already been dem on­
s tra te d  otherw ise, no th ing  m  th is direction has been undertaken  Therefore the 
experim ental section of th is thesis ends here and the  nex t chap ter re tu rns to  the  
issues rela ting  to  the  descrip tion of autopoiesis and the  original SCL system  as 
well as the  o ther real and sim ulated  m odel system s
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6 Discussion
In  th is chap ter the  issues identified m chap ter two are investigated fu rther T he 
discussion here is to  a  large ex ten t based on the  issues m chapters two and th ree 
which concern the  concepts involved m autopoiesis as well as their in te rp re ta tion  
and application  in the m odel system s m entioned in th is thesis Furtherm ore 
the rela tion  betw een autopoiesis and o ther concepts of biological organisation is 
investigated  A p art from this, add itional considerations concerning the  concept 
of autonom y are presented here as well
6 1 The autopoietic organisation and its boundaries
T his section s ta r ts  w ith the answer to the  question of the  uniqueness of the  au to ­
poietic organisation raised m section 2 3 1 T h a t the  au topo ie tic  organisation is 
unique can be m ost easily deduced from  M atu ran a  and  V arela’s (1973) description 
of evolution
[H]istory of change m the realization of an invariant organization em­
bodied in independent unities sequentially generated through reproductive 
steps, in which the particular realization of each unity arises as a mod­
ification of the preceding one (or ones) which, thus, constitutes both its 
sequential and historical antecedent (ibid p 136, emphasis added)
Consequently, all living system s only differ m  their s tru c tu re  and have the sam e 
au topo ie tic  o rganisation  I ’ve already m entioned th a t  th is p a rticu la r organisation 
is nowhere specified and  th a t  it  is no t even clear w hat type  th e  relations have 
th a t en ter its descrip tion (cf sec 2 3 1) Having said th a t, there  is a sta tem en t 
m which the  au topoietic  organisation seems to  be indirectly  defined
The autopoietic organization is defined as a unity by a network of pro­
ductions of components which (i) participate recursively in the same net­
work of productions of components which produced these components and 
(n) realize the network of productions as a unity m the space in which the 
components exist (Varela et al 1974, sec 3)
However, th is s ta tem en t makes some in te rp re ta tio n  necessary, because the  au to ­
poietic organisation  in itself is now taken to  be a un ity  Since otherw ise this 
definition is very sim ilar to the definition of au topo ie tic  system  cited  on page 14, 
it is m y view th a t  the choice of wording here is m isleading, because the  organ­
isation is w hat norm ally defines a  system  as a un ity  (cf sec 2 3 1) and n o t a
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unity  m itself I therefore propose th a t the  beginning of th is q uo ta tion  should 
be changed to  th is T he au topoietic  organisation  defines as a un ity  a netw ork 
T his change conform s to  the usual view taken by M atu ran a  and V arela (1973) 
th a t  “an au topo ie tic  system  is defined as a un ity  by its  au topo ie tic  organization” 
(ibid p 88, see also p 81) and if it is taken in to  account, then the  s ta tem en t 
corresponds closely to  the  definition of au topo ie tic  system  A lthough th is s ta te ­
m ent doesn’t a fter all help to  clarify the au topo ie tic  organisation , it highlights a  
problem  m the  definition of au topo ie tic  system  which is th a t  even its s tru c tu re  
cannot change In the  definition on page 14 it is said th a t  the p roduction  netw ork 
is continuously regenerated and m  the sta tem en t above it is the sam e  network 
in which the com ponents recursively p a rtic ip a te  thereby  ruling ou t any transfor­
m ations Clearly, m biological cells the netw ork of p roductions can change over 
tim e, for instance when different m etabolic  pathw ays axe activated  Always self- 
producing  the sam e netw ork would also discount the  possibility  of evolution In 
general, since M atu ran a  and Varela (1973) devote a  whole chap ter of their essay 
to  the  diversity of autopoiesis, it is clear th a t  changes of the  p roduction  rela tions 
between the  com ponents m ust be m ade com patib le w ith  autopoiesis
M aybe M atu ran a  and Varela (1973) ra th e r  w ant to  convey th a t  the organi­
sation  rem ains unchanged and m aybe the  netw ork of com ponent production  is 
a  synonym  for the au topoietic  organisation A fter all, “ au topo ie tic  m achines 
are un ities whose organization is defined by a  particular netw ork of processes 
(relations) of p roductions of com ponents, the  au topo ie tic  netw ork, not by the 
com ponents them selves or the ir s ta tic  relations ” (ibid p 79, em phasis added) 
T his entails th a t the  relations which define the  au topo ie tic  organisation  are m 
fact production  relations Also, “ an au topoietic  m achine is an hom eostatic  (or 
ra th e r  relationstatic) system  which has its own organization  (defining netw ork of 
relations) as the fundam ental variable which it m ain tains constan t ” (ibid p 79, 
em phasis added) T his is the sam e circu larity  alluded to  m section 2 3 1 which 
results when the relations th a t define the  au topo ie tic  organisation are the pro­
duction  relations th a t  are the  dim ensions of au topo ie tic  space However, in the  
light of the  sta tem en ts cited in th is paragraph , th is circu larity  rem ains obscure 
because it im plies th a t  a  system ’s organisation  can en ter m the  relations betw een 
its com ponents Furtherm ore, “ the p roduct of [an au topo ie tic  m achine’s] op­
era tion  is [its] own organization ” (ibid p 82) Concretely, these sta tem en ts 
can be in te rp re ted  to  say, th a t in teractions between com ponents (e g molecules) 
have a netw ork of relations as a p roduct T his would indeed be a  very strange 
notion of production , and M atu ran a  him self w rites in a la te r  article
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The unity of an autopoietic system is the result of the neighbourhood 
relations and interactions [ ] of its components, and in no way the result
of interactions that imply the whole that they produce In other words, 
nothing takes place m the operation of the autopoietic network with refer­
ence to the unity of the network (M aturana 1981, p 23)
Therefore I suggest th a t the cita tions taken from  M atu ran a  and Varela (1973) in 
the  preceding parag raph  should be seen m etaphorically  So far then , the  au to ­
poietic  organisation rem ains obscure am idst a m uddle of opaque and convoluted 
sta tem en ts I t  appears to  me th a t  the  au tho rs have difficulties w ith their dis­
tinction  between stru c tu re  and organisation because all change has been inadver­
ten tly  ruled ou t whereas only the  organisation is supposed to be invariant This 
assertion is also corroborated  by the fact th a t  m the various definitions o f the  
term  “organisation” two varian ts can be found O ne varian t, to which the  defini­
tion cited on page 12 belongs only says th a t  some sort of relations m ust rem ain 
constan t, while the  o ther variant fu rther requires th a t  these relations m ust hold 
between the  com ponents of th e  un ity  (M atu rana  1980a, p xx, M atu ran a  and 
V arela 1992, p 47) T he  la tte r  varian t im plies th a t the  relations which en ter the 
descrip tion of the  stru c tu re  and organisation of a un ity  need no t be d istinc t and  
an even stronger form ulation can be found here
[T]he relations among components that constitute the organization of 
a composite unity represent a subset of the relations included m describing 
its structure (M aturana 1980b, p 48)
O f course th e  question is now to  w hat o ther relations, if no t to those between 
the com ponents, the  first varian t could refer to  because it  m ay be ju s t a  m inor 
negligence th a t  no reference is m ade T he discussion of a  biological cell as an 
au topo ie tic  system  (M atu rana  and Varela 1973, pp  90-93) contains the  answer 
to th is question Here, the au tho rs actually  specify w hat molecules typically 
em body the  th ree  types of p roduction  rela tions (constitu tion , specificity and or­
der) th a t  are the  dim ensions of au topoietic  space T he  relations of constitu tion  
are established by molecules th a t  determ ine the  the  physical neighbourhood of 
the  com ponents, the  relations of specificity m ainly  by nucleic acids and enzymes 
because of the  roles they  play m catalysis, and the  relations of order by those 
molecules th a t control the  speed of reactions In th is contex t the  au topo ie tic  or­
ganisation  is taken to  be “ defined by the  relation o f relations of production  ” 
(ibid p 92, em phasis added) and “All the rest - th a t is, its s tru c tu re  - can vary 
relations of topology, specificity and order can vary as long as they constitu te
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a netw ork in au topoietic  space ” (ibid p 93) These two s ta tem en ts  pa in t 
a com pletely different p ic tu re  of the  au topoietic  organisation  th an  the ones dis­
cussed earlier and it is the  curren t p ic tu re  th a t I prefer Firstly, i t  is now apparen t 
th a t  the rela tions which constitu te  the  closed dom ain th a t  defines the  au topoietic  
organisation  in au topoietic  space have a  different type th an  the  production  re­
lations which are just th e  dim ensions of th a t space Secondly and consequently 
the  au topo ie tic  organisation is defined th rough  rela tions of relations, or, m o ther 
words, by second-order relations I t  is clear then  th a t, a t  least in the case of 
the au topo ie tic  organisation, the  relations th a t describe it are no t a subset of 
its s tru c tu re  However, it is still no t clear which rela tions concretely define the 
au topoietic  organisation, because it  is only required  th a t  they define a  netw ork 
m au topoietic  space W hat properties th is netw ork m ust have to be au topoietic  
is thus still an open question Furtherm ore, the  concept of an au topo ietic  space 
w ith dim ensions th a t  are relations seems to  be unnecessarily com plicated, a t least 
from a  m athem atica l po in t of view T he whole reaction  netw ork could just as 
well be  represented by a graph where the  nodes are the  production  relations and 
the edges show the com ponent in teractions th a t  lead to  the  p roduction  of o ther 
com ponents T he  au topo ie tic  organisation would then  be a proposition  abou t the  
connectivity  o f th is graph
T he  result a t th is stage is th a t the au topo ie tic  organisation  c an ’t be described 
using production  relations th a t  only belong to  the s tru c tu re  of an au topoietic  
system  b u t th a t  it  is instead  necessary to  ta lk  abou t second-order rela tions as the 
significant relations th a t define a  un ity  as an au topo ie tic  one These are relations 
th a t  hold betw een the  relations betw een the com ponents, and m an au topoietic  
un ity  certain  second-order relations are kept s ta tic  because of the operation  of 
the  au topo ie tic  un ity
An exam ple of such a second-order rela tion  can be found in the list of require­
m ents for collective au tocata lysis “ it m ust be the  case th a t  every m em ber of 
the  au to ca ta ly tic  set has a t least one of the  possible last steps m its form ation 
catalysed by some m em ber of the set ” (K auffm an 1993, p 299) This is p a r t  of 
the  requirem ent of ca ta ly tic  closure and does no t say any th ing  specific ab o u t any 
p a rticu la r production  rela tion  th a t holds betw een the com ponents Instead , it is 
a  proposition  abou t th e  collection of the  production  relations, and th is collection 
can change, as can the  com ponents If the  principle of ca ta ly tic  closure is applied 
in au topo ie tic  space, then  the  resu lting  netw ork, assum ing it is m athem atica lly  
represented by a graph , would have to contain  one or m ore circu larities For the  
network of partic le  transfo rm ation  in SCL-DIV, th is is shown in figure 25
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F ig u re  25 T he netw ork of particle  transform ation  m SCL-DIV as a graph  T he  
nodes (circles) show the  two m am  production  relations where the 
su b s tra te  of the  reaction is shown on the  left hand  side of the  arrow  
and the p roduct on the  right hand  side Above the arrow  is the  
particle  th a t  acts as ca ta ly st of the  reaction  T he edges (arrows 
which connect nodes) denote ca ta ly tic  effects T he  circularity  here 
is due to  the  au to ca ta ly tic  p roduction  of the  ca ta ly st particle  and the  
fact th a t link particles are the  su b stra te  for th is reaction is purely 
c ircum stan tial
A nother exam ple th a t  illu stra tes  the  relevance of second-order rela tions are 
the  organisations in A lChem y described by F on tana  and Buss (1994), which 
are characterized by a gram m ar, algebraic s tru c tu re  and the  capability  of self- 
m ain tenance in the  flow reacto r Here, the algebraic s tru c tu re  describes regu­
larities  m the  p roduction  of lam bda  expressions (com ponents) upon application 
(in teraction) th a t  ensure closure under collision, which is again about production  
rela tions B u t specific production  relations them selves d o n ’t  enter the  organisa­
tion, a lthough it is necessary to know these relations, which are m  fact a  subset 
of the  struc tu re , to  derive the  organisation  T his can also be seen m figure 1 
(p 25) which shows a  concrete A lChem y organisation T he  nodes in this figure 
are com ponents and no t production  relations, b u t it has to  be kept in m ind th a t 
in A lChem y a  reaction is generated  by the  collision of two com ponents alone, 
w ithou t the necessity of som e kind of ca ta lyst as m SCL Hence it is sufficient to 
look a t the  arrows m th is figure to  decide w hether or n o t closure is achieved, and 
th is is evidently  the  case
I t is in teresting  to  see how F ontana  and Buss (1996) evaluate the rela tion  
betw een the ir work and autopoiesis
At minimum, then, our work has converged to a notion similar to that 
of autopoiesis from an independent angle, quite plausibly, though, we have 
unwittingly generated a formal interpretation of a heretofore frustratingly 
elusive notion of considerable importance (ibid sec 3 2)
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Indeed, the  self-m am taining subsets of organisations m AlChem y are au topo ietic  
and the  organisations are, as argued in section 3 3, organisations m  the sense 
of au topo ie tic  theory  T his m eans th a t  au topo ie tic  in the  contex t of A lChem y 
is ra th e r  a qualifier applicable to  a m ultitude  of organisations than  a  unique 
organisation  as s tipu la ted  by M atu ran a  and V arela (1973) Since the ir s tipu lation  
is founded on an am biguous concept of au topoietic  organisation , it  is my opinion 
th a t  bo th  it and the  current definition of autopoiesis should be reconsidered, and 
th a t  the  work of F on tana  and Buss (1994, 1996) should be considered as the basis 
of a revised theory of autopoiesis
T he discussion ab o u t the  rela tions th a t  describe the au topoietic  organisation 
is also relevant for the  consideration of the boundary  of an au topoietic  unity, 
an issue already noted  in section 2 3 2 In fact, the  boundary  as some kind of 
topological barrier, as form ulated  m the key for au topo ie tic  unities published m 
(Varela e t al 1974), does no t exist m th is form  m (M atu rana  and V arela 1973) 
or a t  least not apparen tly  so On the o ther hand , the  boundaries of the  un ity  are 
som etim es referred to, b u t m a ra th e r  ab s trac t way “A utopoietic  m achines are 
un ities because, and only because of their specific au topoietic  organization their 
operations specify their own boundaries m the  process of self-production ” (ibid 
p 81) W hat these boundaries are, is not said, b u t a t least the  cell m em brane is 
one of them  m the  contex t of biom olecular au topoietic  system s (ibid p 91, 109) 
W hether such a shell-like boundary  is a necessity for every au topoietic  unity, as 
it would be according to  the  identification key, canno t be derived from the s ta te ­
m ents in (M atu rana  and V arela 1973) T he question then  rem ains, w hat o ther 
kinds of boundaries there  are th a t can delineate an au topo ie tic  un ity  from its en­
vironm ent Here again it  is useful to look a t organisations m AlChemy, because 
they have no shell-like boundary  Instead , they endogenously m ain ta in  g ram m at­
ical and functional boundaries which are reflected m their g ram m ar and algebraic 
s tru c tu re  (F on tana  and  Buss 1994, sec 8 2 1) A lthough these boundaries deter­
m ine w hether a  given expression is a  m em ber of a p a rticu la r organisation they 
cannot serve to  d istinguish  different instances of the  sam e organisation  Thus 
these functional boundaries do not allow for self-individuation
W hether M a tu ran a  and Varela (1973) in their original essay had  functional 
boundaries m m ind th a t  d istinguish  au topoietic  unities from their environm ent 
or boundaries th a t  allow for self-m dividuation rem ains unclear to  me In their 
view, ind iv iduality  is seen to  stem  from the  fact th a t  au topo ie tic  un ities keep 
the ir organisation  invarian t (ibid p 80) How this can lead to  ind iv iduality  
appears p a rticu la rly  obscure to  me, because m  th is contex t all living system s are
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assum ed to have the  sam e au topoietic  o rganisation  T he question is also rela ted  
to  the  concept of au topo ie tic  space discussed above, because th is opens up the 
possibility  th a t  functional boundaries could be referred to  T h a t bo th  types of 
boundaries are actually  considered can be seen in th is s ta tem en t
Constitutive relations are relations that determine the topology of the 
autopoietic organization, and hence its physical boundaries (ibid p 91)
Physical boundaries should allow for self-individuation, and the  topology of the 
au topo ie tic  organisation, which I take to  be the  connectivity  between the produc­
tion relations, specifies a  functional boundary  m au topoietic  space Nonetheless, 
the m ystery only deepens here for me, because it is unclear how a physical bound­
ary (e g a  cell m em brane) is determ ined  by the  connectiv ity  between production  
relations
In any case, the shell-like boundary  as required m the  identification key has 
now widely become accepted as essential for an au topoietic  un ity  (M atu rana  
and  Varela 1992, p 46) and thus the  whole po in t has becom e relatively m oot 
Accordingly, F on tana  and Buss (1996) see the  s itu a tio n  against th is background
The only claim of M aturana and Varela that is not instantiated in our 
organizations is their requirement that the system be spatially bounded 
This is essential for them, for it is the only device by which their “com­
ponents” may be isolated from the i£rest-of-the world” The seeming need 
for a membrane laid out in space is, in our view, only required because 
the characterization of autopoietic systems is not built upon a theory of its 
components (ibid sec 3 2)
How the  spa tia l boundary  which is referred to  m  the  quo tation  has come to 
m anifest itself becomes som ew hat clearer m section 6 2 2, and how it is being 
overem phasised m the field of chem ical autopoiesis is criticised m section 6 5 
Nonetheless, the spatia l boundary  is, in my opinion, an im p o rtan t p a rt  of au to ­
poiesis th a t  it  is necessary to m ake explicit, because th is type of boundary  allows 
self-individuation, which is not possible w ith  the  functional boundaries alone T he 
reason th a t  th is  w asn’t done already in (M atu ran a  and V arela 1973) m ight he m 
the dom ain-independent form ulation of the  theory  of autopoiesis Also, w hether 
the concept of the au topo ie tic  organisation  is seen to  rely on production  relations 
or second-order relations, it is not clear how to form ulate a  spa tia l boundary  m 
term s of such relations alone Only when one considers an au topoietic  un ity  as it
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is done m the  identification key does it becom e stra ightforw ard  to  form ulate the  
requirem ent of a boundary
T he last sentence m the  quo tation  above is ano th e r criticism  of the  dom ain- 
independen t form ulation of autopoiesis T his form ulation only requires th a t  the  
com ponents which m ake up  au topoietic  un ities can en ter production  rela tions 
and be transform ed  m some sort of m echanistic fashion How these m echanics of 
transfo rm ation  arise is, unlike in A lChem y where they  are determ ined  by th e  inner 
s tru c tu re  of the  com ponents, left open T his leaves the  whole theory  of autopoiesis 
underspecified and led to  form ulations, especially those m connection w ith the 
au topo ie tic  space, which are largely unintelligible a t least to  m e Nowadays the 
dom ain-independent form ulation of autopoiesis appears to  play only a role in the 
undertak ing  to  equate  au topo ie tic  w ith  social system s (for criticism  of this see 
Fleischaker 1992 and M m gers 1995, sec 8 2 3) m  which spatia l boundaries are 
regarded as dispensable
T he necessity of a  separation  betw een organisations for fu rther developm ent 
has also been recognised by Fontana and Buss (1994)
Note, however, that while [ ] organizations maintain themselves kineti-
cally and constructively, they do not reproduce In no sense can one identify 
multiple instances of the same [ ] organization in our flow reactor [ ]
Reproduction at the new object level requires a means for separating two 
instances of [an organization] (ibid sec 8 2 1)
Clearly, th is self-individuation could be achieved th rough  self-production of a 
spatia l boundary  C urren tly  though, there  is no notion  of space m the lam bda- 
um verse of A lChem y and consequently the  organisations cannot qualify as au to ­
poietic entities  because they lack self-individuation
6 2 Autopoiesis and autonomy
D espite the shortcom ings of the  au topo ie tic  theory  discussed m the  previous 
section, the  nex t subsection investigates how the  concepts of autopoiesis and 
autonom y are re la ted  according to  M a tu ran a  and Varela (1973) and  V arela et al 
(1974) Following th is, the  concept of au tonom y developed in Varela (1979) is 
exam ined
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6 2 1 Autonomy self-maintenance and boundary
A utopoietic  en tities6 achieve au tonom y, b ecau se11 they  subord ina te  all changes
to the m ain tenance of their own organization, independently  of how profoundly 
they m ay otherw ise be transform ed in the  process ” (M atu ran a  and Varela 1973, 
p 80) However, they “ do no t have inpu ts  or o u tp u ts  ” (ibid p 81) One 
can view “ pe rtu rb in g  independent events as inpu ts, and the  changes of the 
m achine th a t  com pensates these p e rtu rb a tio n s  as o u tp u ts  To do this, however, 
am ounts to  trea tin g  an au topoietic  m achine as an allopoietic one ” (ibid p 
82) T he  term  allopoiesis refers to  non-au topo ietic  system s and connotes th a t 
such a  system  has som ething else than  itse lf as the  p roduct of its operation  (ibid 
p 80) Evidently, the  po in t of view taken by M atu ran a  and Varela here is in te r­
nalist m the  sense presented by G odfrey-Sm ith (1994, p 318), who sees the  whole 
conception of life as au topo ie tic  m th is way T he in te rnalis t approach regards the 
processes of a system  as controlled by in ternal constra in ts and thus resu lting  from 
autonom ous self-organisation E xternalism , in con trast, views the  s tru c tu re  of a 
system  as the  result of its in terac tions w ith  the  environm ent
In ternahsm  and externalism  don’t exclude each other, b u t ra th e r  em phasise 
different po in ts of view For instance, consider a  biological cell th a t, triggered by 
a  substance m its  environm ent, switches from  one m etabolic  pathw ay to  ano ther 
T he  in ternalis t po in t of view would be th a t  the  cell specifies the capability  to 
sw itch pathw ays by having some kind of sensor and  by having the  descrip tions for 
the  enzym es of bo th  pathw ays m its genome In th is way, the  cell autonom ously  
switches pathw ays T he ex ternalist exp lanation  of th is effect would be th a t  the 
substance in the environm ent triggered the  change of pathw ays7 Only bo th  
accounts together provide a com plete exp lanation  for the  observed phenom enon 
So far, au topoietic  en tities are held to  be  autonom ous because their capa­
bility  of com pensating for p e rtu rb a tio n s  (self-m aintenance) is only seen from an 
in ternalist po in t of view W hen tak ing  the  ex te rnalist approach, one supposedly 
trea ts  the au topo ie tic  en tity  as an allopoietic one and  the  la tte r  are m general 
regarded to  be no t autonom ous (M atu ran a  and V arela 1973, p 80)
However, the  capability  of an en tity  to  subo rd ina te  changes to  the  m ain­
tenance of its organisation  is m ore a q u an tita tiv e  th an  a qua lita tive  p roperty
6Most citations in this subsection come from a section of (Maturana and Varela 1973) which 
deals with autopoietic machines I continue to use the term entity because point three of the 
identification key for autopoietic unities (Varela et al 1974, section 9) requires them to be 
mechanistic systems
7 and the capability to do so would be seen as a result of an evolutionary adaptation to 
the environment
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depending on the  range of changes it can survive T hus, although self-production 
lends itse lf to self-m aintenance, any particu la rly  high degree of th is capability  
does not d irectly  follow from the  au topo ie tic  organisation  alone Concretely, 
an  au topo ie tic  en tity  w ith several redundan t production  pathw ays can keep its 
o rganisation  constan t under a w ider range of p e rtu rb a tio n s  th an  an en tity  w ith ­
o u t redundan t p roduction  pathw ays T his can for instance be seen m AlChem y 
organisations where it is possible to  ha lf-quan tita tive ly  assess the  self-repair ca­
pability  of the ir s truc tu res  (self-m aintaining subsets m th e  reactor) Self-repair 
m AlChem y has to  be distinguished from self-m aintenance because the  la t te r  is a 
s ta tem en t ab o u t the  constructive capabilities of a set of expressions and is only 
a necessary condition for self-repair (cf sec 3 3 1)
T he self-repair capability  can now be assessed by investigating the  num ber 
and size of seeding sets an organisation  can m ain ta in  m  the  reacto r (Fon tana and 
Buss 1994, sec 6 2 2) A seeding set is basically a  subset of the organisation 
from which the  la tte r  can be  produced (for an exact definition see ibid sec 5 4), 
and  thus the  m ore seeding sets an organisations contains and the sm aller they 
are, the  m ore robust th is organisation will be  against p e rtu rb a tio n s  8 M aybe it is 
n o t unreasonable to  expect th a t selective ad ap ta tio n  m a collection of au topo ietic  
en tities can lead to  an increase in their self-m aintenance capability  B u t then this 
capability  canno t be explained m term s of the  au topo ie tic  organisation alone 
So far it seems th a t  the  phenom enon of autonom y rem ains elusive and th a t the 
link to  autopoiesis doesn’t  have much exp lanato ry  value Therefore I tu rn  back 
to the  definition of au topo ie tic  o rganisation  and the  identification key (cf sec 
2 3 2) and investigate the  po in ts raised therein  as possible sources of autonom y 
Self-production of the  com ponents appears no t to  be held decisive
Autocatalytic processes do not constitute autopoietic systems because 
among other things, they do not determine their topology Their topology 
is determined by a container that is part of the specification of the system, 
but which is independent of the operation of autocatalysis [ ] Coupling
of independent processes into larger systems is also the rule, these may or 
may not constitute unities defined by the circumstances of their constitution 
m a given space, (M aturana and Varela 1973, p 94)
8 Seeding seta must be capable of producing an organisation under the continuous application 
of the replacement map After each iteration of the replacement map, the expressions m the set 
are replaced by those which result from the mutual application of all expressions to each other 
(including themselves) This is stronger than the random replacement which occurs under 
flow conditions because unlike in sets, multiple instances of an expression can be present in 
the reactor Hence not only seeding sets determine the self-repair capability For details see 
(Fontana and Buss 1994, sec 6 2 2)
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A possible illu stra tion  of th is ra th e r ab strac t s ta tem en t would, in m y opinion, 
be  the  following A collectively au toca ta ly tic  netw ork of m olecules in a te s t tu b e  
would constitu te  an entity, because the  tes t tu b e  acts as a boundary  However, 
it  is n o t an  au topo ie tic  entity, because the  te s t tu b e  is n o t produced by the  
collectively au to ca ta ly tic  netw ork
T he only o ther reason to  call au topo ietic  en tities au tonom ous is then  because 
they specify the ir own boundaries (of w hatever kind) However, no im portance  
seems to  be a ttr ib u ted  to  the  possibility  th a t  these boundaries m ay have im ­
p o rta n t functions (like selective perm eability ), beyond sim ply being identifiable 
O r a t least, since M atu ran a  and V arela (1973, chap ter II) w ant to  dispense of 
teleonom ic notions, no th ing  m th is d irection is explicitly  m entioned
Thus, to  achieve autonom y by self-producing an identifiable boundary  alone, 
appears to  be a very restric ted  notion  of th is phenom enon Certainly, there 
m ust always be some kind of in teractions betw een th e  boundary  and system  
com ponents of an au topoietic  un ity  O therw ise, the  two types of com ponents 
cannot be said to  constitu te  the  unity  m one and the  sam e space A sim ilar 
argum ent can be m ade for o ther elem ents of the  world th a t  are no t p a rt of the 
un ity  B u t nowhere do M atu ran a  and Varela (1973) require th a t  the boundary  
should in te rac t w ith  o ther elem ents or com ponents in such a way th a t  autopoiesis 
is facilita ted
N otw ithstand ing  the  circum stance th a t (M atu ran a  and Varela 1973) fails to  
deliver the  prom ised account of the  autonom y of living beings, I assum e th a t 
self-m aintenance of the  au topo ie tic  un ity  and  self-production of some kind of 
boundary  are the  essential aspects th a t  m ake it  autonom ous
6 2 2 Autonomy organisational closure
A ra th e r  different take on autonom y in general can be found m  (Varela 1979, 
sec 7 2) F irs t of all, it is s ta ted  th a t a variety o f system s are autonom ous 
and hence there  are system s which are au tonom ous b u t n o t au topoietic  Note, 
th a t  th is was ruled ou t m (M atu rana  and V arela 1973) as discussed above T he 
m otivation  to  d istinguish  betw een autonom y and autopoiesis comes from  the 
following observation
the idea of autopoiesis is, by definition, restricted to relations of 
productions of some kind, and refers to topological boundaries These two 
conditions are clearly unsatisfactory for other systems exhibiting autonomy 
(Varela 1979, sec 7 2 3)
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Therefore, the  following ch arac tensa tion  of autonom ous system s is given
We shall say that autonomous systems are organizationally closed That 
is, their organization is characterized by processes such that (1) the pro­
cesses are related as a network, so tha t they recursively depend on each 
other m the generation and realization of the processes themselves, and (2) 
they constitute the system as a unity recognizable m the space (domain) 
in which the processes exist (Varela 1979, sec 7 2 4)
T he closure thesis m (Varela 1979, sec 7 2 5) explicitly  s ta tes  th a t every au ­
tonom ous system  is organisationally  closed However, w hether the  converse also 
holds is n o t m ade explicit, though m  section 7 2 6 Varela says th a t organisational 
closure generates a-dom am  of autonom ous behaviour Therefore I assum e th a t 
o rganisational closure is m eant to be a necessary and sufficient condition for au ­
tonom y From th is it follows th a t  collectively a u to ca ta ly tic  networks can be said 
to  be autonom ous and m  this specific instance it  is the  ca ta ly tic  closure (cf p 
67) which fulfills the  condition of o rganisational closure
In general, all au topoietic  system s are also au tonom ous B ut according to 
V arela (1979) th is autonom y stem s from  the  o rganisational closure, w hereas the  
self-production of a  boundary  or th e  self-m aintenance capability  m general is 
no t m entioned, a lthough  bo th  are arguably  a resu lt of organisational closure 
in an au topo ie tic  un ity  A gain then, the  deqree of a  system ’s self-m aintenance 
^capability is independent of o rganisational closure T he self-produced boundary  
can also be seen as the  p roduct of a process p a rtic ip a tin g  in organisational closure 
when the  processes are production  processes and the  boundary  is necessary for the  
organisational closure to  hold A self-produced boundary  th a t  is n o t necessary for 
the  organisational closure, and is only a by-product of the  processes, is conceivable 
b u t would as such be irrelevant to  the  autonom ous (or au topoietic) system  in 
question In sum m ary, the  concept of au tonom y based on organisational closure 
is only p a rtly  rela ted  to the  one I derived from  autopoiesis in the previous section 
because it requires no self-produced topological boundary
6 3 SCL, other artificial chemistries and autopoiesis 
6 3 1 The original SCL system
A lthough I have used the  term  au topo ie tic  en tities for cells m the  extended SCL 
system , it  needs to  be discussed w hether these cells really deserve th is classifi­
ca tion  F irs t of all, the  question m ust to  be resolved of w hether the  cells in the
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original SCL system  qualify as au topoietic  entities, because as already ind icated  
in section 2 3, th is m ay not be the  case T here  are two reasons why I hold th a t  
it is actually  no t the  case T he first is, as already m entioned, th a t the  resu lting  
aggregation after the  m em brane of a cell rup tu res, is no t an au topo ie tic  en tity  I t  
is ra th e r  an allopoietic aggregation from  which, th rough  the  closing of the  gap, a 
different cell emerges Thus, the  original cell has no t repaired itself, as would be 
necessary for the  qualification of it  as an  au topo ie tic  entity , b u t  instead  a new one 
emerges from a previous allopoietic aggregation of com ponents All in all, the  cell 
can neither be said to  produce nor to  m ain tain  itse lf As M atu ran a  and Varela 
p u t it them selves, “ the  way the autopoiesis is realized in any given un ity  m ay 
change during  its  ontogeny, w ith  the  sole restric tion  th a t  th is should take place 
w ithou t loss of identity , th a t  is, th rough  uninterrupted  autopoiesis ” (1973, p 
98, em phasis added)
T he failure of the  original SCL cell to  exhib it the  au topo ie tic  organisation 
is no t m erely a side effect of my definition of cell, b u t stem s from the  fact th a t  
the  only possible boundary, m the sense of po in t four of the  identification key 
(cf p 14), is the  closed chain of links w ith  the ir u n in te rrup ted  bonds I t is the  
bonds th a t  are responsible for the  in teractions betw een the  links in such a  way 
th a t  th e  la t te r  are constrained to  neighbourhood relations m  which the bonds 
are no t over-stretched and the m em brane is kept closed T he argum ent th a t  an 
au topo ie tic  en tity  requires a  continuously in tac t boundary  to  qualify as such has 
also been b rought forw ard by Fleischaker (1992)
T he  second problem  w ith  the  original SCL system  is th a t  the  ca ta lyst inside 
the  cell is no t produced m any way T his poses the  question w hether the ca ta lyst 
is to  be regarded as a com ponent of the  p u ta tive  au topo ie tic  entity, as has been 
noted m (M cM ullm  2000) as well If it does n o t qualify as a com ponent of the en­
tity, then  it would seem to  be im m ediately  pointless to  ta lk  abou t self-production 
or self-m am tenance of the  en tity  This possibility  is discussed fu rther below, b u t 
for now I assum e th a t the  ca ta ly st should be regarded as a  com ponent In this 
case, po in t six of the  identification key allows the  ca ta ly st as one of “ necessary 
perm anen t constitu tive  com ponents in the  production  of o ther com ponents ” 
(V arela e t al 1974, section 9) T h is is the  exception m entioned m section 2 3, 
which prevents the  com bination of po in ts five and  six o f the  identification key It 
is an exception, if no t a con trad iction , to  the  definition of au topo ie tic  un ity  cited 
on page 14, which dem ands th a t  all com ponents m ust be produced th rough  in ter­
actions or transfo rm ations m  which o ther self-produced com ponents partic ipa te , 
to  realise th e  p roduction  netw ork T he term s “production”, “in te rac tion”, “tra n s­
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form ation” could be widely in terp re ted  and  therefore considered to  be  vague, b u t 
it is obvious th a t  the  ca ta ly st m the original SCL system  is in no way produced 
by any kind of process a t all and  thus cannot qualify as a  com ponent w ithou t the 
exception m ade by po in t six of the  identification key In fact, th is exception is 
n o t m ade in (M atu ran a  and Varela 1973), a lthough  certain  elem ents, no t defined 
by th e  au topo ie tic  o rganisation  b u t necessary for the  factual characterisation  of 
com ponents can be taken for gran ted  (ibid p 89) This is different from the 
exception m ade in poin t six of the  key, which allows entire com ponents to be 
taken for gran ted  and n o t only elem ents necessary for their factual characteri­
sation  Such elem ents m the m etabolism  of biological cells would, for exam ple, 
be the ions, w hether dissolved in the cell p lasm a or bound  to  molecules, because 
they cannot be produced by the cell, b u t are essential for pro tein  folding, signal 
transduction  and o ther processes These elem ents can form  significant parts of 
com ponents, like m prosthetic  groups of enzymes, b u t can by definition no t be 
com ponents them selves because they  cannot be produced by the  cell itself 
T he argum ent m ade in the  previous parag raph  suggests the conclusion th a t  
the  exception to  po in t six of the  identification key was in troduced  to accom m o­
d a te  the  ca ta lyst m the  original SCL system  To w hat degree th is exception 
subverts the  cited definition of au topo ie tic  organisation  is a  different question 
For instance, the  m itochondria  and p lastids of eukaryotes im port m ost of their 
enzymes from the cytoplasm  and produce o thers them selves Thus, if the  ex­
ception was allowed, these organelles could be said to  be au topoietic , w ith the 
possible qualification th a t  they are only partia lly  so 9 B u t if the  one and only 
com ponent which facilita tes the  only production  process of the  ‘‘netw ork” is ex ter­
nal to  it, like in the  original SCL cell, then  the  first requirem ent of the  definition 
of au topo ie tic  organisation  is not only partia lly  b u t fully violated, because the 
ca ta ly st as m em ber of the  would-be production  netw ork is no t produced How­
ever, it is no t entirely  correct to  say th a t  link production  is the  only p roduction  
process because chain elongation would also qualify as one, a lthough as p a rt of 
a  possible au topo ie tic  p roduction  netw ork only m so far as an open chain m side 
an in tac t cell is concerned B u t since the  open chain as a com ponent is no t 
necessary for th e  link p roduction  process, th is doesn’t change the  situa tion  m 
any significant way If there  was some kind of influence from  one of the  cell’s 
com ponents th a t would be necessary during  th e  p roduction  step , the  s itu a tio n
9However, mitochodria don’t synthesi/e their own membrane lipids which means that they 
don’t have a self-produced boundary and would for this reason not be autopoietic Chloroplasts 
on the other hand do produce the lipids for their membranes
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would be different, b u t under the  curren t circum stances th e  cell canno t be called 
an  au topoietic  en tity
T he discussion above has assum ed th a t  in original SCL the  cell should be 
considered as th e  possible au topoietic  en tity  However, when the  ca ta ly st is no t 
seen as a com ponent, the  s itua tion  changes A lthough the  exception m  po in t six 
of the  key seems to  im ply th a t  the ca ta lyst should have com ponent s ta tu s , the 
a lte rna tive  th a t the  m em brane itself is the  au topoietic  en tity  m ust be considered 
as well A rguably, the diffusion of the su b s tra te  th rough th e  m em brane could be 
seen as the  com ponent in terac tion  th a t  is necessary for the  production  of links to 
m ake them  qualify as com ponents too  This is possible because the  identification 
key does no t require th a t  the  in terac tion  from  ano ther com ponent has to  happen  
a t the  tim e of p roduction  F urther suppo rt for th is view comes from  the fact th a t  
m (M atu rana  and Varela 1973, p 92) selective perm eability  has the  s ta tu s  of 
a relation  of specificity and can therefore count as a com ponent in terac tion  m a 
production  rela tion  However, if the ca ta ly st is no t seen as a com ponent of the 
entity, then  there  is no way of distinguishing its in terio r from the environm ent 
and thus it canno t be a  un ity  w ith  respect to  th e  constructiv ist epistem ology in 
which M atu ran a  and V arela have em bedded the  theory  of autopoiesis B u t even 
if one doesn’t adop t their philosophy, th is whole in te rp re ta tio n  where only the 
m em brane is seen as “alive” while the  m am  production  process is excluded, would 
in m y opinion be a ra th e r  s trange view T his is why it  is proposed m  section 
2 3 2 th a t  when the  substra tes  of a  reaction are non-com ponent elem ents then 
there  should be some in terac tion  from  ano ther com ponent during  the p roduction  
step  itse lf W ith  th is m odification to  the  identification key, the  ra th e r  strange 
situa tion  here can be ruled out to  qualify as autopoiesis
I t is therefore m y conclusion th a t the  original SCL system  does not exhibit 
any au topo ie tic  en tities for two d istinct reasons, each of which is alone sufficient 
to  ru le out the  presence of an au topo ie tic  en tity  Thus, th is m odel system  does 
no t clarify the  concept of autopoiesis, b u t ra th e r  obfuscates it T he last assertion 
is exemplified by th e  in te rp re ta tio n  of the  results ob tained  m  the  A PL system , 
an  artificial chem istry  sim ilar to SCL b u t preceding it (Zeleny 1976, 1980) Som e 
of the  figures presented m those articles can best be  circum scribed using the 
following quo tation
[The] membrane not only limits the extension of the transformation 
network that produced its own components but participates in this net­
work If it did not have this spatial arrangement, cell metabolism would 
disintegrate in a molecular mess that would spread out all over and would
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not constitute a discrete unity as a cell (Maturana and Varela 1992, p 46)
T he process, which typically  leads to  the  ttmess” is em bellished by Zeleny (1976) 
using th e  following words
[T]he autopoietic cell keeps renewing itself through a series of oscil­
lations between rupture and closure Its very existence is based on this 
rhythmical opening and closing We observe that the underlying rules have 
created a “natural rhythm” of the open system [ ] All living systems,
including societies, function through a complex of more or less intricate 
biorhythms We might preferably talk of pulsating system s, since neither 
permanently closed nor permanently open system are autopoietic, they are 
nor “alive ” (original emphasis)
Needless to  say, Zeleny (1976, 1980) does no t even notice the  problem  posed by 
the perm anen t ca ta ly st
6 3 2 The SCL-DIV system
A fter the  d isappo in ting  conclusion concerning th e  original SCL system , the im ­
m ediate  question is w hether SCL-DIV is any b e tte r  a t exhib iting  au topo ie tic  en­
tities  Since the  m ode of self-m am tenance is changed, sufficient lifetim e un its  in 
the  m em brane are enough to  m ain ta in  it Links are still tu rned  over because they  
en ter the  m em brane through the  grow th m echanism  and p a rts  o f the m em brane 
split off th rough  the  operation  of the  fission m echanism  D espite the  turn-over, 
the  m em brane rem ains closed, so th a t there  is always an identifiable boundary  
th a t is held together by the  bonds between the  hnks Thus, the  first problem  
w ith  the  original SCL system  is solved
T he second problem  also does no t exist any m ore, because the  au tocatalysis 
reaction now continually  produces new ca ta lysts  so th a t  they  can be viewed as 
true  com ponents of the  cell Consequently, the  cells m  SCL-DIV qualify as au to ­
poietic en tities w ith  the  added capability  of self-reproduction In fact, when the 
au tocata lysis  reaction  is tu rned  off, as in section 5 1, then  the  cells lose their s ta ­
tus as au topoietic  en tities because of the second reason explained above B u t the 
experim ents m  section 5 1 were only conducted to  assess the  new self-m aintenance 
m echanism  and the  cells exhibited  during  these runs are n o t m eant to  be in ter­
p reted  as au topo ie tic  entities
T here  is ano ther notew orthy difference betw een the  original and th e  extended 
SCL system  concerning the  s ta tu s  of the  m em brane as a  whole D isplace-grow th
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in SCL-DIV allows a closed chain to  grow, while in the  original SCL system  only 
the  add ition  of links to  the  ends of open chains is possible In  fact, displace- 
grow th can be seen to m im ic the  self-assembly process o f real-w orld micelles and  
vesicles T his can be in te rp re ted  to  fulfill a p roduction  rela tion  which allows the 
m em brane in the  extended SCL system  as a  whole to  qualify as a com ponent of 
the  au topo ie tic  en tity  T he  fact th a t  the  boundary  produces itself streng thens 
the  case of self-production because now no t only its com ponents axe produced 
b u t the  whole boundary  is as well In such a s itua tion  self-reproduction fol­
lows alm ost au tom atically  Only when the  en tity  replaces the  exact am ount of 
boundary  com ponents th a t i t  loses would it  be able to  m ain ta in  itse lf w ithou t re ­
p roduction  W hen m ore boundary  com ponents are produced, the  resu lt is e ither 
explosion or self-reproduction, when too few boundary  com ponents are produced, 
the resu lt is im plosion Thus, a lthough self-reproduction is logically secondary 
to the  establishm ent of the  en tity  itself, it is difficult to  see, a t  least for proto- 
cellu lar biochem ical system s, how autopoiesis w ithou t self-reproduction should 
be  realised T his is also underlined by th e  experim ents w ith  self-reproducing 
micelles described in section 3 1
6 3 3 Other artificial chemistries
Lastly I exam ine the  artificial chem istries described m  chap ter th ree T he m ore 
ab s trac t ones (Fontana and Buss 1994, di Femzio 2000) canno t exhibit au topoietic  
en tities, because m  bo th  cases the  processes are assum ed to  be tak ing  place in 
v irtua l universes w ithou t a notion  of space so th a t  the  em erging organisations 
canno t have ind iv iduality
A t first sight, p roduction  processes are absent from  the  system  which investi­
gates the  self-assem bly o f micelles in  continuous space (Edw ards and Peng 1998) 
However, the  insertion of phospholipids in to  a  micelle can be in terp re ted  as a 
production  process where the  p roduct is the  micelle m em brane as a whole B ut 
because the  phospholipids them selves are no t produced  by the  micelle, they can­
n o t qualify as com ponents Since according to  po in t five of the  identification 
key for autopoiesis (cf p  14) the  m em brane would have to  be co n stitu ted  by 
com ponents, these micelles are n o t au topo ietic
In con trast, th e  proto-cells described m  (Ono and Ikegam i 1999) clearly are 
au topo ie tic  entities In th is m odel system , as no ted  m section 3 2 1, there  are 
particles which have sim ilar functions as the  SCL-DIV particles To recap itu la te  
the  p roduction  netw ork AA catalyses the  p roduction  of M and  also au to ca t-
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alytically  produces m ore AA Thus, the  rela tion  betw een AA and M is th e  sam e 
as th a t  of ca ta ly st and  link m SCL-DIV Consequently, AA and M are com po­
nents of the  p roduction  netw ork m the sense required  by po in t five and six of the  
identification key T he  m am  difference is th a t  AA and M are produced from  the 
sam e su b stra te  (X) w hereas m  SCL-DIV ca ta lysts  and links are produced from 
different ones T he M particles constitu te  the  boundaries w ithou t explicit bonds 
like m  SCL Instead , preferential neighbourhood rela tions are th e  result of the  
in te rac ting  po ten tia ls  of the  particles a t different la ttice  positions, which satisfies 
po in t four of the  key for au topo ie tic  entities
T he  LMA micelles exhib ited  m the  m odel system  described in (M ayer and 
Rasm ussen 1998) appear to  be au topo ie tic  too, b u t the  situa tion  is m ore com pli­
cated  than  th a t  because the (am phiphilic) molecules which m ake up the m icelle 
don’t  decay Thus, a lthough the  micelles produce them selves and also m ultiply, 
once a m icelle is form ed, there  is no need for its  self-m aintenance T he produc­
tion  process, which is catalysed by the  surface of the  micelle, continually  makes 
m ore su rfac tan t m olecules available which then  insert them selves, m ediated  by 
the different sim ulated  forces, in to  the  micelle T his happens until the m icelle 
has becom e so large th a t  it spontaneously splits in to  two sm aller ones Once the  
supply of substra tes  (the hydrophobic polym ers) is depleted , the  num ber of m i­
celles rem ains constan t W hen th is has happened , all p roduction  processes cease 
and the  notion  of autopoiesis seems no t applicable any m ore
However, all th is raises the  question of w hether the  self-m aintenance of an 
au topo ie tic  un ity  is necessary to  m eet the  definitions of autopoiesis (cf p 14 
and  64) or if self-reproduction alone is sufficient A nother way to  p u t th is question 
is w hether autopoiesis requires th a t  the  lifetim e of the  un ity  is significantly longer 
th an  the lifetim e of a t least some of its  com ponents B ut as argued m  section 6 1, 
the  definitions of autopoiesis are prob lem atic  because they im ply th a t the  same 
production  rela tions are always m ain ta ined  Furtherm ore, the  com plication th a t  
arises w ith  self-reproduction when several unities are th e  p roduct of the  operation  
of one un ity  is ne ither handled  by these definitions nor by the  identification key 
(cf p 14) In  con trast to the  definitions, the  key makes no m ention of any kind of 
recurring  production  processes and self-production o f the  com ponents is sufficient 
for autopoiesis Hence w ith  the  key alone self-m aintenance of com ponents cannot 
be seen as a necessary condition for autopoiesis W hen a com ponent d isin tegrates 
the  whole un ity  m ight very well d isin tegra te  and  lose its  organisation , b u t as long 
as the  com ponents last, th e  unity  would be au topo ie tic  when those com ponents 
were self-produced m  the  first place
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N onetheless, the  definitions o f autopoiesis refer to  recurring  p roduction  p ro ­
cesses which on the  face of it im plies the  necessity of self-m aintenance B u t I 
would argue th a t  self-reproduction would ju st as well be  a recurring  produc­
tion  process which satisfies the  definitions T he  following definition of self­
reproduction  is given m (M atu rana  and Varela 1973)
a unity produces another with a similar10 organization to its own, 
through a process that is coupled to the process of its own specifications 
Only autopoietic systems can self-reproduce (ibid p 137f )
This definition is som ew hat problem atic  because it im plies a  d istinction  between 
the  daugh ter cells where one is the continuation  of the  paren t and the  o ther a 
side p roduct of th e  operation  of the  paren t W hen one considers for instance 
the division of a  bacterium  such a d istinction  certain ly  doesn’t make sense One 
s itua tion  where such a  d istinction  is possible, is betw een stem  cells and the ir off­
spring m m ulti-cellu lar organism s, b u t in general it is no t a defining feature of 
self-reproduction B u t to  re tu rn  to  the question a t hand , th is definition m akes 
clear th a t  self-reproduction qualifies as a production  process A fter all, the  com ­
ponents th a t  constitu te  the  offspring directly  after division are the  ones produced 
by th e  paren t and not (yet) those th a t  are self-produced T his s itua tion  has to 
be taken properly  in to  account and consequently m odifies th e  sense in which self- 
p roduction  has to  be understood  Hence the  recurring  production  of com ponents 
for the  purpose of self-reproduction would indeed fulfill the  requirem ents set by 
the  definitions of autopoiesis w ithou t the  self-m aintenance o f the  com ponents as 
a  necessity
Therefore it is m y conclusion th a t  the  LM A micelles are au topo ie tic  T he 
circum stance th a t  the  num ber of self-reproduction steps is lim ited  due to  a lim ited 
supply of su b stra te  is of no consequence because th is is a s itua tion  sim ilar for 
exam ple to  the  reproduction  of bac te ria  in a test tu b e  Ju s t because the  te s t tube  
has a  lim ited  supply of nu trien ts  and thus sets bounds to  the  num ber of b ac te ria  
th a t  can exist w ouldn’t  allow for the  conclusion th a t  those bac te ria  are no t alive 
A nd ju s t as a popu lation  of bac te ria  m  a flow reactor, w ith  constan t influx of 
nu trien ts  and efflux of w aste p roducts  and bacteria , would exhibit ongoing self- 
reproduction , th e  sam e would resu lt for th e  LM A micelles if corresponding flow 
conditions were im plem ented in th is artificial chem istry
10This of course implies the possibility of a variety of organisations while in their definition 
of evolution (cited on page 64) the organisation is assumed to remain invariant
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6 4 Artificial chemistries and autonomy 
6 4 1 Criteria for autonomy
Smce M atu ran a  and Varela (1973) and Varela (1979) already have developed two 
som ew hat different concepts of autonom y, it appears to  be a b e tte r  approach to  
view autonom y no t as an all-or-nothing p roperty  b u t instead  to  com pile a  list 
o f c rite ria  w ith  which to  judge a system ’s degree of au tonom y This approach is 
taken m (Boden 1995) where the au th o r has p u t together th ree aspects th a t  are 
com m only used by Artificial Life researchers to  evaluate th e  degree of autonom y 
of a system  For as Boden pu ts  it “A utonom y is no t an  a ll-or-nothm g p roperty  
I t has several dim ensions, and m any gradations ” (1995, p 102) T he three 
aspects are ab o u t the  way m which a  system  controls its  behaviour (Boden 1996, 
P 10)
1 The ex ten t to  which response to  the  environm ent is d irect (determ ined only 
by the  present s ta te  of the  ex ternal world) or ind irect (m ediated by in ternal 
m echanism s p a rtly  dependent on th e  system ’s previous h istory)
2 T he ex ten t to  which the  controlling m echanism s were self-generated (emer­
gent) ra th e r  th an  externally  im posed (im plicit in th e  com ponent properties)
3 T he ex ten t to  which in ternal d irecting  m echanism s can be reflected upon, 
a n d /o r  selectively modified
All aspects refer to  processes occurring m  th e  system  and it can thus be in­
vestigated  how these re la te  to  the  processes exhibited  m artificial chem istries 
However, aspects two and th ree  im ply th a t  there  exist a  variety of processes 
from which specific ones can be selected by the  en tities Such a  variety can arise 
th rough  different concatenations of the  elem entary  in teractions a n d /o r  th rough a 
variety of particles when the  elem entary  in terac tions are dependent on the  inner 
s tru c tu re  of a  partic le  T he la tte r  s itu a tio n  is exem plified by the  m ore abstrac t 
artificial chem istries (cf sec 3 3) and the  form er by th e  m ore concrete ones (cf 
sec 3 2)
However, aspect th ree  m ainly  concerns e ither evolution, and would then  be 
m eaningful for a collection of different system s (entities) only, or the  autonom y of 
the  (hum an) m ind N either are substan tia lly  different en tities present together in 
any of the  artificial chem istries discussed m th is thesis nor are they  concerned w ith  
the  (hum an) m ind  Thus, aspect th ree is no t relevant for th e  following discus­
sion T he two rem ain ing  aspects of autonom y are used together w ith  the  th ree
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crite ria  derived from  sections 6 2 1 (self-m aintenance, self-produced boundary) 
and 6 2 2 (organisational closure) in the following section to  evaluate th e  degree 
of autonom y exhibited  by th e  entities m  the  different artificial chem istries
6 4 2 Entities in artificial chemistries and their degree of autonomy
Because the  cells m th e  extended SCL system  qualify as au topo ie tic  and fulfill the 
th ree  crite ria  for autonom y (self-produced boundary  th rough  link p roduction , self- 
m ain tenance by transfer of lifetim e units, o rganisational closure through collective 
au tocata lysis), they  should appear to  behave autonom ously  However, the  first 
aspect from the  list above doesn’t look very prom ising when try ing  to  assess the  
degree of autonom y, because no th ing  in an SCL-DIV cell is explicitly used as 
some kind of m em ory of previous tim e steps B u t since cells can take on different 
shapes, m aybe there  is some kind of im plicit m em ory For instance, when a cell is 
em bedded in a world w ith  relatively few substra tes  (because there  are m any o ther 
cells), it usually  grows large w ithou t dividing T he  reason for th is is th a t  free 
links are only rarely produced  m the  cell and chances are low th a t  th ree such links 
are available a t the  sam e tim e to  bond and  form a  cluster Instead , the  free links 
continually  con tribu te  to  a  (slow) m em brane grow th If su b stra te  rem ains rare, 
then  the  cell is likely to  break open, w ith  possibly destructive effects on o ther cells 
as described m section 5 2 2 W hen su b stra te  becom es ab u n d an t again, the cell 
m ay divide m ore or less quickly depending on the  geom etric configuration of its 
m em brane A lthough the  shape of the  m em brane, which can be p a rtly  a ttr ib u te d  
to the  availability  of substra tes  m the  past, influences the  fu ture  developm ent 
of the  cell, th is is m erely an influence and cannot be in te rp re ted  as a control 
process O ther kinds of im plicit m em ory d o n ’t  present them selves, b u t there  
m ight be some I haven’t recognised as such
In the  o ther m ore concrete artificial chem istries, no explicit m em ory structu res 
are available e ither and the  phenom ena observed don’t seem to  lend them selves 
for im plicit m em ory struc tu res th a t, in a  m eaningful sense, can be said to  exert 
some kind of behavioural control However, for a p roper evaluation of a  possi­
ble im plicit m em ory m the  in teractions, insufficient d a ta  is available, so again  
there  m ight be som ething I have overlooked Only in the  m ore a b s tra c t artificial 
chem istries do the  types of com ponents (expressions), change over tim e so th a t  an 
e n tity ’s response to  a  p e rtu rb a tio n  depends on the  developm ent it has undergone 
so far Since A lChem y (Fontana and Buss 1994) is described in m uch m ore detail 
th an  th e  m odified version in (di Fenizio 2000), only the  form er is discussed here,
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although all argum ents probably  apply to  the  la t te r  as well because of the  close 
rela tion  between the  two
As observed m  (Fontana and Buss 1994, sec 6 2 6), once a  self-m am tam m g 
subset of an organisation  has established itse lf m the  reactor, it will move tow ards 
the  “center” of th a t  organisation  and contain  it from th a t  po in t on T he center is 
the  sm allest self-m aintam m g subset of an organisation  and its continuous presence 
can be  seen as an explicit m em ory of the  organisation  because the  expressions 
m th e  center alone are sufficient to  specify the  construction  of the  organisation 
Since collisions am ong the expressions of th e  center regenerate  it, its  presence 
ensures its persistence Thus, the  center controls its own presence whereas the 
o ther expressions can m ore easily change w ithm  the  boundary  specified by the 
g ram m ar of the  organisation
This leaves only the  second aspect as an ind ica to r of autonom y for the  m ore 
concrete artificial chem istries T he  controlling m echanism s m SCL-DIV are the  
ones th a t  are already present m the  partic le  in terac tions b u t concatenated  in such 
a way th a t the  cell keeps its  o rganisation  However, th e  sam e concatenation  of 
in terac tions can m ain ta in  an  aggregation of open chains and  ca ta lysts  confined by 
loops m the  chains or overlapping ends (cf fig 13, p 50) As described in section 
5 2, from  such an aggregation cells can em erge again and  m ost of the  tim e cells 
are present T his seem ingly em ergent preference for cells, though, derives from 
the  fact th a t  closed chains are m ore stable th an  open ones T he reason for th is is 
th a t  the  ends of open chains are subject to  spontaneous d isin tegration , whereas 
m a  closed chain no link is Therefore the  degree of autonom y exhibited  by 
SCL-DIV cells is som ew hat lower th an  th a t  of the  proto-cells described m (Ono 
and Ikegam i 1999) and th e  LMA micelles described m  (M ayer and Rasm ussen 
1998) because b o th  em erge m a stronger sense of th is  word T he reason for 
th is is th a t the  s tab ility  of these em ergent struc tu res results from  the  elem entary 
in teractions less d irectly  th an  m SCL-DIV Furtherm ore, the  p roduction  ru le for 
the  LMA micelles is em ergent because it is a p roperty  of its surface, whereas for 
the  proto-cells and SCL-D IV the  production  rules are already  present as particle  
properties B u t because th e  LMA micelles do no t (need to) m ain ta in  them selves, 
there  is no clear w inner between them  and th e  cell-like s tru c tu res
Given th e  generality  of the  artificial chem istry th a t  exhibits th e  LMA micelles, 
it appears certain ly  possible to  add a decay process for the  su rfac tan ts W ith  
such a  decay process, th e  production  of su rfac tan t molecules would au tom atically  
qualify as a  self-m aintenance process, because w ithou t continuous p roduction  the 
micelle would no t only be unable to  divide, it would also d isin tegra te  W ithou t
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the  continuous influx of new substra tes  (and some so rt of efflux), all m icelles 
would eventually  d isin tegrate  T he degree of au tonom y for the  micelles would 
then  be the  highest am ong the  m ore concrete artificial chem istries T he degree 
of au tonom y is lowest for the  micelles in (Edw ards and Peng 1998) because they  
neither (need to) m ain tain  them selves nor produce th e  su rfac tan t they are m ade 
of
In  sum m ary, am ong the  m ore concrete artificial chem istries, SCL-DIV only 
takes the  th ird  place w ith  respect to  autonom y T his leaves A lChem y (Fontana 
and  Buss 1994) as representative of the  two m ore ab s tra c t artificial chem istries 
to  be assessed I t is m y opinion th a t  the  self-m aintain ing subsets of organisations 
exhib ited  m  A lChem y show a h igher degree of autonom y th an  any of the  en ti­
ties from th e  m ore concrete artificial chem istries evaluated so far F irs t of all, 
A lChem y ra tes  h igher under aspect one because of the  em ergent m em ory in the  
form  of a  center as discussed above W ith  respect to  th e  second aspect, it rates 
a t  least as high because th e  constructive capabilities of th e  expressions have to  be 
assessed w ith respect to  the  organisation  m which they  occur Once an organisa­
tion  has em erged, it provides th e  context for the  collisions between expressions 
These constructive capabilities can be com pared to  the  ca ta ly tic  capabilities in 
th e  m ore concrete artificial chem istries W ith  th e  exception of the  micelle surface 
m (M ayer and Rasm ussen 1998), none of th e  ca ta ly tic  capabilities are em ergent
D espite the  lack of a self-produced boundary, which prevents their coexistence 
m th e  sam e reactor, these self-m am tainm g subsets of organisations are organisa­
tionally  closed sets of expressions T he organisation  th a t  actually  emerges during  
a run  thereby  depends only on th e  in itia l expressions, the  sequence of collisions 
during  a run  and th e  boundary  conditions im plicit m th e  norm alization  process 
Thus, each organisation has a unique iden tity  and its  o rganisational closure en­
sures th a t  th is iden tity  is m ain ta ined  T he poin t is th a t  such a unique identity  
emerges m a world where a wide variety of iden tities is possible Only then  can 
an organisationally  closed system  be called tru ly  autonom ous because if it did  
n o t m ain ta in  itself, a  change of iden tity  would be th e  resu lt In the  m ore con­
crete artificial chem istries, a  change of iden tity  is no t possible, only the  loss of it 
th rough  d isin tegration  A self-produced b oundary  would be a n a tu ra l step  to  al­
low different organisations to  self-reproduce and  coexist Together w ith  heritab le  
varia tion , an  evolutionary  process should resu lt, from  which o rganisations w ith  
an increased capab ility  of self-m aintenance probab ly  would em erge
In  conclusion, ju s t  to  exhib it th e  au topo ie tic  organisation  does no t lead to  th e  
exhibition  of a  high degree of autonom y, b u t organ isational closure does indeed
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artificial chem istry SCL-DIV LMA proto­ micelles in A lChem y
criterion micelles cells continuous space
organisational closure + + + - +
self-m am tenance i - h - 1
self-produced boundary 1 -1 + - -
em ergent p roduction  rules - + - - +
em ergent en tity 1 +  f ^—h + +
explicit m em ory - - - - +
T a b le  4  Com parison of the  different artificial chem istries w ith  respect to the  
degree m which th e  entities exhib ited  by them  fulfill the  crite ria  for 
autonom y T he first th ree  crite ria  are derived from the  discussion in 
section 6 2 C rite ria  four and five are rela ted  to  aspect two of the  list 
on page 83 whereas the last criterion is re la ted  to  the  first aspect of 
the  sam e list
lay the  seed for th e  la t te r  W ith  self-reproduction of au topoietic  en tities and  
heritab le  varia tion  th is seed will p robably  germ inate, b u t w hether th is is the  only 
way to  achieve autonom y is a  different question, which is not addressed here 
Table 4 sum m arizes the  aspects and crite ria  of au tonom y discussed and to  w hat 
degree they  are present in the  different artificial chem istries
6 5 Chemical autopoiesis
T he approach th a t  M a tu ran a  and  Varela have taken m  developing their theory 
of autopoiesis has been described by Fleischaker (1988) m  the  following way
they start with autopoietic organization as given and locate the liv­
ing as physical within that organization (ibid p 42)
In sections 6 2 1 and 6 3 1 it becam e clear th a t  th is approach has so far only 
led to  an opaque theory  m which even its  au tho rs seem unable to  find their way 
around M odel system s like SCL, which are m otivated  by th is theory  alone, have 
a t best m etaphorical value w ith  respect to  th is theory  b u t are irrelevant to  any 
o ther field of research T he  reason for th e  la t te r  assertion is th a t  th e  au topoietic  
theory  in its  dom ain-independent conception w ithou t a  theory  of i ts  com ponents 
is severely underspecified Consequently, in w hat dom ain one investigates the  
concept of autopoiesis is entirely  a rb itra ry  and  m odel system s like SCL can be 
criticised on th is ground
If artificial life exists in a computer, the computer milieu must define 
an artificial physics This must be done explicitly or it will occur by default
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to the program and hardware W hat is an artificial physics or physics-as- 
it-might-be7 W ithout principled restrictions this question will not inform 
philosophy or physics, and will only lead to disputes over nothing more 
than m atters of taste in computational architectures and science fiction 
(Pattee 1995a, sec 4)
Therefore it seems p ruden t to also pursue the  converse approach and to  take real 
living beings as given and exam ine if they are au topo ie tic  and e laborate  the  theory  
so th a t  a t  least for biological cells it should be m ade clear w hat exactly  qualifies 
as a com ponent and w hat kinds of processes qualify as production  processes A 
step  m th is direction has already been taken by Fleischaker (1988) by providing 
am ended crite ria  of autopoiesis, restric ting  the  concept to  the  physical dom ain 
O nly when the  usefulness of autopoiesis for th e  descrip tion  of living system s can 
be established, should it be  investigated w hether th is concept can be generalized 
C ontinuing the  branch m au topo ie tic  theory  in itia ted  by Fleischaker (1988, 
1990) leads to  the  field of chemical autopoiesis (Luisi and Varela 1989u , Luisi 
1993), w ith the  aim  to  construc t m inim a! living proto-cells m  the labora to ry  
guided by autopoiesis as an operational definition of life Clearly, it is necessary 
to  have a definition of life when one a tte m p ts  to  construc t new life form s B u t 
the  choice of autopoiesis, especially when one is looking for intellectual c larity  m 
order to  ask consistent experim ental questions (Luisi 1993, p 8), is som ew hat 
p recanous, given th e  considerable am ount of am biguity  inherent in th is pa rticu la r 
theory  G ran ted , the  micelles described m  section 3 1 qualify as self-reproducing 
au topo ie tic  entities, b u t the  concept of autopoiesis has been reduced to  th a t of a  
self-bounded en tity  w ithou t tak ing  organisational closure properly  in to  account 
T his can be clearly seen m the following c ita tion , which is p a rt of the  discussion 
of a m inim al chem ical au topo ie tic  en tity
A rmmmal autopoietic system would require a boundary composed by 
a t least one component, C, it will be characterized by only one entering
11 The title of this article shows that even Varela isn’t faithful to the terminology of his 
autopoietic theory In the title the micelles are said to be self-replicating, but according to 
(Maturana and Varela 1973, p 100 f ) replication denotes a situation where one unity produces 
other unities different from itself Since the micelles are autopoietic they should be said to self­
reproduce, something that only autopoietic unities are assumed to be capable of (cf p 82 
m this thesis) This term is then actually used m the abstract of the article and I use it too 
when referring to the micellar systems However, the term self-replication has by now firmly 
established itself in further articles (Bachmann et al 1991, Bachmann, Luisi and Lang 1992, 
Luisi 1993) This seems to me particularly unfortunate because with replication often the 
template replication process of nucleic acids is associated, which is clearly different from the 
reproduction process the micelles undergo
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metabolite, A, and by two ummolecular reactions, a self-generation reac­
tion leading to C (at the expense of ^4), and a decomposition reaction 
which transform C into a product P, which then goes out of the bound­
ary These chemical reactions are determined by the bounded unit, 1  e , the 
transformations of A into C and of C into P  take place only inside the 
boundary, we will assume that such spontaneous reactions are chemically 
irreversible ( 1  e , we can neglect the back-reactions) (Luisi 1993, p 9, 
original emphasis)
W h a t is m issing here is the  requirem ent th a t the  p roduction  of C  m ust be facil­
ita te d  by interactions  w ith  o ther com ponents of the  entity , as required by point 
five of the  identification key for au topo ie tic  entities, so th a t  organisational clo­
sure is achieved S patia l determ ination , 1  e confinem ent of th e  reactions to  the  
e n tity ’s in terior is here only necessary, b u t n o t sufficient to  achieve organisational 
closure
Nonetheless, the  self-reproducing micelles described m  (B achm ann et al 1991) 
are indeed au topoietic  because the  required in terac tions from  o ther com ponents 
are present In all these system s, the  production  of su rfac tan t takes place a t 
the  m icellar interface betw een the  organic and  aqueous phase and is therefore 
facilita ted  by th e  o ther su rfac tan t molecules of th e  en tity  How this facilita tion  
works can be seen m  (B achm ann et al 1991, fig 1) T he substra te , from 
which the su rfac tan t is produced, is aligned m  th e  m icellar m em brane through  
in terac tions w ith the  su rfac tan t molecules m such a  way th a t it can e ither be 
hydrolised w ith  the  help of a ca ta lyst inside the  micelle (system  III) or oxidised 
by perm angenate  in the  aqueous phase (system  IIA /B ) T he  fact th a t  in system  
III  the ca ta ly st is no t produced by the  system  does n o t m a tte r , because, unlike 
m the original SCL system , in teractions w ith  o ther system  com ponents during  
the production  step  are given th rough  the  process described above Therefore the 
ca ta lyst m system  III has a s ta tu s  sim ilar to  th a t  of an essential co-enzyme m a 
biological cell All these system s also com ply w ith  my guiding m etaphor which 
involves collective au tocatalysis, because th e  facilita tion  o f hydro lysis/oxidation  
a t the  m icellar interface can be seen as a ca ta ly tic  effect (B achm ann e t al 1991, 
B achm ann, Luisi and Lang 1992) In fact, it  is an  instance of au tocatalysis 
because the  su rfac tan ts  in the  m em brane catalyse th e ir  own production
All in all, despite  no t having cap tu red  the  aspect of o rganisational closure cor­
rectly  in the  theoretic  foundations, chemical au topo ie tic  en tities can be dem on­
stra te d  in the  labo ra to ry  T he problem s arise when the  step  from micelles to  
vesicles is taken  M em branes of vesicles consist of two layers so th a t  there  is,
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for exam ple, an aqueous phase inside and outside the  vesicle and a hydrophobic 
one inside the  m em brane betw een its two layers T hus the  p roduction  does no t 
necessarily take  place m the  m em brane any m ore
The basic idea is to construct lecithin liposomes which host the synthesis 
of lecithin To accomplish that, the four enzymes which catalyze the so- 
called salvage synthesis of lecithin are bound to such lecithin liposomes 
(Luisi 1993, p 17)
In such a vesicle, p roduction  would take place m the  aqueous phase inside w ithou t 
in terac tion  from  o ther system  com ponents during  th e  production  step This yields 
a s itua tion  sim ilar to  th a t  m  the  original SCL system  and such a  vesicle would 
n o t be au topoietic , as has been claim ed m  (W ick and Luisi 1996)
A t first sight, it  seems obvious th a t  th e  au topo ie tic  m icelles have indiv iduality  
because of their very natu re , and consequently conform  to  my guiding m etaphor 
B u t th is s ta tem en t needs some fu rther consideration as far as the  aspect of self- 
m div iduation  is concerned T he  com plication arises because micelles continuously 
coalesce and  divide exchanging their com ponents and  contents (Luisi and V arela 
1989, p 636) How this com plicates th e  situa tion  can best be seen xn the  light of 
a heuristic  tes t for autopoiesis suggested in (M cM ulhn 2000, sec 5), which p ro­
ceeds as follows Two collectively au to ca ta ly tic  netw orks of the  sam e organisation  
which have been prepared  separately  are brought in to  con tac t w ith each o ther 
If the  two reaction  networks coexist as two d istin c t instances, they can be said 
to  be au topo ie tic  A pplied to  th e  micelles th is te s t would classify them  as no t 
au topoietic  However, it has to  be  kept m  m m d th a t  the  tes t was suggested to 
be m erely heuristic  and not definitive Furtherm ore, th is tes t would fail to recog­
nise gam etes of biological organism s as au topo ie tic  because they fuse w ith  one 
ano ther as p a rt  of their opera tion  O ne m ight ob]ect here th a t m  sexual repro­
duction  the  two gam etes have different organisations, m ale and  fem ale However, 
there  are m any cases of sexual reproduction  w ithou t m orphologically d istinct 
types of gam etes This so-called isogam y does for exam ple occur m m any species 
of single-celled green algae A lthough even isogam etes are usually  differentiated  
physiologically in to  d istinct types, which can be regarded as pseudo-sexes, there  
are species w ithou t such an incom patib ility  system  T h is is th e  case of au to ­
gam y which together w ith  isogamy is characterised  by ind istinguishable gam etes 
Therefore, the  heuristic  test suggested by M cM ullm  (2000) seems only to  yield 
a definite answ er when the  two reaction netw orks coexist, while when they fuse 
the  situa tion  has to  be  regarded as undecidable w ith  th is test alone Since the
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self-reproducing micelles otherw ise fulfill the  six poin ts of the  key for autopoiesis 
they  should be regarded as au topo ie tic  entities
All th is of course has w ider im plications for the  theory  of autopoiesis as well 
W hile the  division of au topoietic  un ities is a t least addressed to  some ex ten t m  the 
theory  of autopoiesis, a lthough  no t properly dea lt w ith  m detail (cf sec 6 3 3), 
the  possib ility  of the ir fusion and the  consequences thereof are left unconsidered so 
far However I w on’t  pursue th is th read  any fu rth e r here and  in stead  consider one 
final aspect concerning autonom y no t m entioned yet which concerns the  energetic 
autonom y (M oreno and Ruiz-M irazo 1999) of living organism s W h at th is exactly  
m eans can be understood  when a solution of m icelles is com pared w ith  a solution 
o f bacteria  m a  test tube  The difference betw een the  two solutions is th a t  the 
one w ith  the  micelles is therm odynam ically  stab le  (Luisi and V arela 1989, p 
636) while the  one w ith  the  bac te ria  is therm odynam ically  unstab le  I t is well 
known th a t  living organism s exist m  a  s ta te  far away from  the therm odynam ic 
equilibrium  and m ain ta in  th is s ta te  w ith  a com plex netw ork of energy flows as 
well as the tem porary  storage of chemical energy (e g in the  bonds of A TP) Thus 
the  tran s itio n  of a solution of b ac te ria  tow ards th e  therm odynam ic  equilibrium  
would entail the  d isin tegration  of the com ponents which m ake up  those b ac te ria  
and consequently the ir dea th  This d isin tegration  would proceed by hydrolysis 
o f the  com ponents (proteins, polysaccharids, lipids e tc  ) in to  the ir constituen ts 
(am m o acids, sugars, fa tty  acids, glycerol etc )
T h is energetic autonom y is not yet present m any of the  sim ulated  and  real 
m odel system  discussed m th is thesis W hether th is type of autonom y is essential 
for a system  to  qualify as living, as argued in (M oreno and Rui7-M ira70 1999), 
is a  different question C om puter sim ulations clearly c an ’t  realise th is type of 
autonom y because the  electrical energy which is “consum ed” when a program  is 
executed does no t lead to  the  production  or m ain tenance of any of the  com po­
nents a com puter is m ade of In the  light of th is the  hypothesis th a t com puter 
sim ulations could be alive, as m ain ta ined  by the  com puta tiona lis t program  of 
s trong  A rtificial Life, would clearly be  w rong B u t since there  is no universally 
accepted definition of life (cf sec 1 2), th is question is open to  debate  How­
ever, I feel th a t  a  definition of life should m ake as s trong  requirem ents as possible 
w ith  th e  curren tly  known life form s N onetheless th e  search for and construction  
(w hether m ateria l or as com puter program s) of “new” life form s should continue, 
because th e  resu lts gained thereby  are necessary to  advance the  deba te  over the  
definition of life
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7 Conclusion
T he organisation  of th is thesis does not entirely  reflect th e  chronological order in 
which th e  work on which it  is based was carried  ou t A t first, the  extended SCL 
m odel was developed while tak ing  it  for g ran ted  th a t  the  original m odel a lready 
displayed au topo ie tic  entities O f course the  problem s w ith  the  in te rp re ta tio n  
o f th e  original m odel, as m ainly  discussed m section 6 3 1, soon becam e appar­
ent, b u t they  were no t resolved T he working hypothesis a t  th is stage was th a t 
because the  two au tho rs of autopoiesis, M a tu ran a  and  Varela, (co-) developed 
th is m odel as an explicit illu stra tion  of th e ir theory, it  would certain ly  display 
au topo ie tic  en tities no tw ithstand ing  any difficulties w ith  its in te rp re ta tion  B ut 
then the extended SCL m odel led to  the  insight th a t  w ith  autopoiesis as sole 
guiding principle it is perfectly possible to  construct a com pletely contrived ar­
tificial chem istry th a t  ne ither offers physical or chem ical realism , as present m  
M ayer and R asm ussen’s (1998) artificial chem istry, nor shows the  em ergence of a  
(collectively) au to ca ta ly tic  netw ork from a wide variety of possible reactions, like 
the  m ore ab s trac t artificial chem istries described m section 3 3 do T he  reaction 
netw ork th a t  is exhibited  is, m  fact, the  only possible one Furtherm ore, the  
cells m  SCL-DIV show a  lower degree of autonom y th a n  the  en tities m  m ost of 
the  o ther artificial chem istries as discussed m section 6 4 To m ake th ings worse, 
m ost of these artificial chem istries also exhibit au topo ie tic  entities despite the  fact 
th a t  none of them  were d irectly  m otivated  by autopoiesis This result together 
w ith th e  fact th a t  one of th e  central m otivations of autopoiesis is to explain the  
autonom y of living beings (cf sec 1 3) led to  doub ts  w hether th is theory  has 
m uch exp lanato ry  value
A t the  sam e tim e the review of o ther lite ra tu re , especially th a t  on collective 
au tocata lysis (K auffm an 1993) and organisation  m A lChem y (Fontana and Buss 
1994, 1996), led m e to  the  conclusion th a t  b o th  these concepts and th a t  of au to ­
poiesis all represent a sim ilar idea Furtherm ore, the  form er two concepts are m 
my opinion explained m ore rigorously and clearly, while autopoiesis seems m ore 
opaque (M mgers 1995, p i x )  and elusive (F on tana  and  Buss 1996, sec 3 2 )  T his 
led to  the  use of collective au tocatalysis plus spa tia l self-individuation, w ith  the 
la t te r  derived from the  identification key for au topo ie tic  unities, as th e  guiding 
m etapho r for the  fu rther theoretical investigation of autopoiesis A lthough this 
m etap h o r m ost likely contains s tronger requirem ents th an  those m ade for au to ­
poiesis, i t  is argued th a t  system s characterised  by th is m etapho r are au topo ietic  
(cf secs 2 1 and  2 3 2) W ith  the help of th is m etapho r and the  form aliza­
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tions of collective au tocata lysis and AlChemy, th e  key concepts of autopoiesis 
are investigated in section 6 1 and found to  be flawed and am biguous m  several 
places
T his does no t m ean though th a t  these shortcom ings cannot be addressed and  
resolved, b u t th is would raise th e  question of w hether it is really desirable to  
propose yet ano ther varian t of autopoiesis Since th e  theory  of collective au to ca t-  
aly tic  netw orks is available and an in te rp re ta tio n  of autopoiesis is possible which 
renders its concepts alm ost indistinguishable from  those m AlChemy, it seems 
preferable to  continue research in to  the  definition and origin of life w ith these 
two theories T he usefulness of bo th  theories is evident m section 6 1 where they  
are applied for th e  in te rp re ta tio n  of the  theory  of autopoiesis In particu la r, the  
concept of organisation in A lChem y seems particu la rly  ap t to  fill the  gap th a t  is 
left in the  theory  of autopoiesis due to  th e  fact th a t  the  au topoietic  organisation  
is nowhere specified Furtherm ore, less th an  clear no tions like “au topoietic  space” 
can, a t least to  some ex ten t, be pene tra ted
Unlike autopoiesis, b o th  the  theory of organisation  m AlChem y and th a t  of 
collective au tocata lysis  do not exist m a m ultidude of varian ts b u t are instead  
com paratively  concise Indeed, autopoiesis is by now a  highly controversial theory  
which for exam ple can be seen m the  forum  discussion m  th e  In te rnationa l Jou rnal 
of G eneral System s, volum e 21 (1992) or by my own criticism  of chemical au to ­
poiesis in section 6 5 W orse still, th e  m entioned forum  discussion reveals th a t  
some varian ts of autopoiesis curren tly  m existence are already incom m ensurable 
w ith  each o ther which can easily lead to  m isunderstandings between the  propo­
nents of th e  different varian ts generating  add itional confusion This la tte r  point 
can readily  be seen when one looks a t th e  requirem ent th a t  au topoietic  en tities 
should have some sort of spa tia l boundary  In the  field of chem ical autopoiesis 
(cf sec 6 5) th is featu re  is curren tly  regarded as cen tral while when one tries to  
apply  autopoiesis to  social system s such spa tia l boundaries are obviously absent 
In order no t become too  m uch entangled m the  different varian ts of autopoiesis I 
suggest th a t  m those areas dealing w ith life-as-we-know-it or sim ulations thereof 
instead  the  concepts of A lChem y and collective au toca ta ly sis  should be preferred 
B oth  of them  are well-defined and although they  do n o t explicitly  require spa­
tia l self-individuation of th e ir  entities, th is fu rth e r dem and th a t  is now present 
m some varian ts of autopoiesis can readily  be in tegrated  If these two concepts 
prove useful for descriptions of living system s, then  it would be in teresting  to  see 
how they  re la te  to  the  use of autopoiesis as it is cu rren tly  explored m o ther fields 
of research like law, fam ily therapy  or social system s (M m gers 1995)
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N otw ithstand ing  m y criticism  of autopoiesis here, it rem ains an im p o rtan t 
a lthough  elusive concept T his elusiveness derives from  its  dom ain-independent 
form ulation th a t  is bo th  the  weak and the  s trong  side of th is theory  T h a t it is the 
weak side is e laborated  m  section 6 1 which highlights the  resu lting  am biguities 
T he  strong  side of th e  dom ain-independent form ulation lies in the circum stance 
th a t  it  has the  po ten tia l to  unify areas of research as for exam ple presented m 
(M m gers 1995) th a t  are curren tly  seen as clearly d istinc t However, th is po ten tia l 
is yet unrealised  and instead  different varian ts of autopoiesis have come in to  
existence Furtherm ore, it is no t clear w hether th is unification is possible a t all 
and  the  dom am -independent form ulation o f autopoiesis by M atu ran a  and Varela 
(1973) would allow only a superficial unification since even such a central concept 
as “au topo ie tic  organ isation” is not clearly specified Nonetheless, the  idea th a t 
such apparen tly  d istinct fields like origin of life and  social system s could have 
som ething essential m com m on is not only in trigu ing  b u t would also be revealing 
if it were the  case
To re tu rn  to  th e  questions of the  definition of life and its  origin, w hether the 
extended SCL m odel system  would be of any fu rther use when such a research 
program  would follow the  p a th  laid  out by A lChem y and the  theory of collec­
tively au to ca ta ly tic  netw orks seems doubtful A lthough SCL-DIV does exhibit 
au topo ie tic  entities based on a collectively au to ca ta ly tic  netw ork, it is a mere 
illu stra tion  Due to  the  lack of chemical realism , SCL cannot re la te  to the  field 
of chem ical autopoiesis or to  weak A rtificial Life D espite the  fact th a t  the  cells 
m it are not alive, it m ight be  seen as a step  tow ards the  realisation  of life as 
defined by autopoiesis, b u t only if the  requirem ent is d ropped  th a t the  dom ain 
m ust be  the  physical one for an au topoietic  un ity  to  count as alive B u t m order 
to  fully in tegrate  SCL in to  the  concepts of AlChemy, the  particles would have to 
be represented w ith an inner s tru c tu re  w ith  a  po ten tia l for infinite variations from 
which the ir behaviour derives In  particu la r, these representations m ust adm it for 
som e way of m eaningful com bination m order to  allow particle  transform ation  
Because the  m echanism s m extended SCL are specifically developed and adap ted  
to  the  one and only reaction  netw ork th a t  is present, it  is unlikely th a t  they  can 
have a  fu rther use when a  m u ltitu d e  of reaction  netw orks becom e possible
T he only advancem ent th a t  SCL-DIV m akes beyond th e  existing artificial 
chem istries (in the  sense defined m  section 3 2) is the  possibility  of selective 
d isplacem ent and hence evolution B u t as argued in section 5 2 4, such a  pro­
cess would only be of lim ited po ten tia l like in a genetic a lgorithm  Again, the  
tran sition  to  AlChem y-like particles w ith  an inner s tru c tu re  th a t  determ ines the
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behaviour and can be com bined w ith inner s truc tu res  of o ther particles would 
open up  a w ider range of possible p roduction  netw orks and m ake an evolutionary  
process m ore in teresting  and also possibly relevant for considerations concerning 
the  early evolution of life T he  artificial chem istry  th a t  curren tly  comes closest 
to  fulfilling th e  requirem ents laid ou t here is th a t  p resented in (M ayer and R as­
m ussen 1998) A lthough there  is curren tly  only one reaction  netw ork present m 
th is m odel system , the  po ten tia l for a variety of them  exists, sim ply because the 
in teractions are d irectly  derived from physical laws Furtherm ore, questions re­
garding the  energetic autonom y of proto-lifeform s would au tom atically  addressed 
by th is approach as well T he m am  problem  w ith  such a detailed  sim ulation 
is th a t  the  m ore com plex the  sim ulated  system s becom e, the  m ore com puta tion  
tim e is needed A p art from  th a t, it would prove difficult to  generalise from the 
resu lts of such sim ulations which is for exam ple possible w ith  system s like Al- 
Chem y (Fontana and Buss 1994, sec 8 3) To repea t a po in t m ade in section 1 3, 
it is no t obvious a t the  outset, which approach will be  the  m ost successful one
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Appendix
A SCL-DIV usage guide
T his appendix  explains how to  use the  extended SCL m odel system  for the  p u r­
pose of rep licating  (as closely as possible) the  phenom enology of SCL-DIV th a t  
is described m  chapters four and five It is ne ither a  technical description of the  
source code nor a reference guide to  all of SC L-D IV ’s features Also (M cM ulhn 
1997) is a useful source of docum entation  because the  extended version of SCL 
is based on the  original version num ber 0 05 11 which is qu ite  sim ilar to  the  one 
docum ented in th a t  repo rt T he u ltim a te  reference of SCL-DIV is na tu ra lly  the  
source code I t can be downloaded a t h ttp  //w w w  eeng dcu ie /~ a h fe /s rc /sc l-d iv /
A 1 Requirements
T he extended version of SCL can be com piled and run , theoretically  a t least, 
on all p latform s th a t  are supported  by SW ARM  version 2 0 or 2 1 (and p roba­
bly higher as well) SW ARM  is a m ulti-p la tform  collection of libraries w ith the  
purpose to  facilita te  and  generalize agent-based m odeling (see www sw arm  org) 
SCL is w ritten  m O bjective-C  which is the  original program m ing language sup­
p o rted  by SW ARM  b u t since version 2 0 JAVA is suppo rted  as well However, 
th e  way m which the  s ta te  of the  random  num ber generato r is saved in SCL 
prevents the  sharing  of world files betw een different com puter arch itectures T he 
runs conducted m th is thesis have been carried  ou t on Intel Pentium  com puters 
(Pentium  MMX, P en tium  II) under the  o pera ting  system  G N U /L m ux and it is 
recom m ended th a t a  s im ilar se tup  should be used so th a t th e  world files th a t  come 
w ith the  source code can be loaded in to  SCL-DIV B u t also betw een different x86 
com patib le arch itectures and com pilers the behaviour of SCL-DIV can vary T he 
reason for th is is th a t  lifetim e diffusion needs to  perform  a  few floating poin t op­
erations, which can exhibit slight variations depending on w hether the  variables 
are always kept m the  C PU  registers or are tem porarily  stored  m the  m em ory 
In general the  repea tab ility  of com puter sim ulations, which is one of SW ARM ’s 
objects, can be quite  easily sabotaged  by floating po in t operations T he best so­
lu tion  of th is problem  would probably  be to  use ra tional instead  of floating point 
num bers, b u t the  form er are no t a s tan d ard  d a ta  type  in C and would also bring 
w ith  them  a  perform ance penalty  I t m ight be a sensible extension to  SW ARM 
to provide a  ra tional num ber d a ta  type together w ith  its operations, b u t w hether
1
exact replication of sim ulations m the  contex t of agent-based m odels is really  
necessary is a  different question because m  these types of m odels one is usually  
in terested  in some higher-level phenom ena which should be robust w ith  respect 
to  sm all fluctuations
A 2 How to run a simulation
T he m ost convenient way to  s ta r t  a  run  is to  load already  existing p a ram ete r and 
world files which come together w ith th e  source code 12 T his can be done after 
SCL-DIV has been s ta r te d  or from  the com m and line s c l  -p  p a ra m e te rF i le  
-w w o r ld F ile  W hen bo th  files are specified on th e  com m and line then  always 
the  param eter file is loaded before the world file and th is order m ust be used 
as well when loading the  files in an already runn ing  SCL-DIV program  13 Af­
te r  the  files have been loaded the sim ulation can be s ta r te d  or stopped  from 
the  stan d ard  control panel If  you w ant to  use a different seed for the  ran ­
dom  num ber generato r th an  the  one used m the  saved s ta te  of the  generator 
call e ither reseedR andom N um berG enerator to  get a tim e-based random  seed or 
se tS ta te F ro m S e e d  w ith a specific seed T he in itia l seed e ither way used to  
set the  s ta te  of the  random  num ber generator can a t any tim e be retrieved w ith 
the  m essage g e t l n i t i a l S e e d  All three m essages can be accessed from  the 
w orldM anager window T he retrieval of the  in itia l seed is useful when one wants 
to  replicate a  run  w ith a saved world as the  basis where th e  random  num ber 
genera to r was (random ly) reseeded before the  run  was s ta rted
T he following exam ple illu stra tes  th is If one w ants to  replicate the  run  from 
which the  snapshots m  figure 6 are taken, s ta r t  s c l  ~p n e w F is s io n  prm -w 
sm allC e 11200 s t t  from a shell T hen  call se tS ta te F ro m S e e d  w ith 2133390192 
as argum ent Now the  run  itself can be s ta r te d  and a t tim e steps 769 and 1242 
the events shown m figure 6 can be  observed 14
T he link particles th a t  are shown m the  SCL W orld window are coloured m
12When a file of either type is loaded often warning messages about unknown instance vari­
ables appear on the console These can be ignored
13 Parameter inheritance in catalysts and links makes it necessary for those particles to 
carry certain simulation parameters as instance variables When the values of these vari­
ables are not specified m the world file the variables will be initialised with values from the 
ParameterManager But the latter values are default values m case a specific parameter has 
not been loaded beforehand Loading of a parameter file afterwards does not change the values 
of those parameters that are inherited
14Every time the organizedFission mechanism (cf sec 4 6) can successfully complete its 
operation, this is reported at the console, together with the time step during which this has 
taken place The sequence of these time steps can be effectively regarded as a fingerprint of a 
run
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various ways to  convey inform ation abou t the ir in ternal s ta te  T he s ta n d a rd  
colour is blue while d isin tegrating  links are bluegrey Links th a t  are p a rt  of a  
m em brane are shown in black and when they have too  few lifetim e un its  to  be 
able to  transfer them  to ca ta lysts  they are coloured yellow Similarly, ca ta lysts 
are norm ally  green b u t bluegrey when they  are d isin tegra ting
A 3 The parameter and world files
T he param eter file th a t  corresponds to  tab le  1 is called n e w F iss io n  prm It 
is used m all the runs except those w ithou t au tocata lysis  (sec 5 1) where 
n oA u to ca t prm is used together w ith  the  world file no Auto c a t  s t t  T he  world 
file for all o ther runs w ith  the  sm all world (fig 2) is sm allC e 11200 s t t  and for 
the  large world (sec 5 2 2) la rg eM u ltilO O  s t t  T he  m odified large worlds used 
m section 5 2 4 are d i f fP ro d P ro b  s t t  for the  selective d isplacem ent runs and 
g e n e t l c D r i f  t  s t t  for the  genetic d rift runs
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